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Abstract 
 
The production of Ti-6Al-4V components via powder metallurgy routes is looked upon as an 
efficient production method that reduces wastage, but leaves finished products with high 
interstitial oxygen concentrations that do not meet industrial standards. The ability to control 
the interstitial oxygen concentration in Ti-6Al-4V powder metallurgy would improve the 
viability of near net shape processing for the production of industrial components. One 
process that has demonstrated the ability to remove oxygen from titanium alloys is 
calciothermic reduction, which is a reduction process originally developed to reduce titanium 
dioxide to commercial purity titanium using a molten flux of calcium and calcium chloride. 
The aim of this thesis is to examine whether calciothermic reduction can be used to control 
the interstitial concentration of oxygen and nitrogen in powder metallurgy Ti-6Al-4V and 
understand the reaction mechanisms that enable this process to work. By understanding these 
mechanisms, the process can then be optimised to improve the properties of powder 
metallurgy Ti-6Al-4V components, and provide a basis to extend this to other alloy systems. 
 
Calciothermic reduction was demonstrated to be effective at reducing the interstitial oxygen 
concentration in powder metallurgy Ti-6Al-4V to acceptable industrial standards 
(< 2,000 wt .ppm). The optimisation of the process required the balance of thermodynamics 
and kinetics to be controlled; thermodynamics was important to ensuring the reaction would 
begin, with the kinetics becoming more important during the reduction process because the 
removal of interstitial oxygen concentration relied upon a diffusion based mechanism. 
  
Evaluation of the mechanism that underpins the removal of oxygen via calciothermic 
reduction, was assessed using a FIB-SIMS based technique. This method of analysis was 
developed during this research and demonstrated to be effective at quantifying interstitial 
oxygen concentrations in titanium alloy, which was used to confirm the formation of oxygen 
concentration gradients from titanium alloy bulk to the surface during calciothermic 
reduction. 
 
Further investigation of the reduction process indicated that calciothermic reduction could 
facilitate the nitriding of Ti-6Al-4V in a sealed air environment, forming a wear resistant 
surface layer in a novel process referred to as “Calciothermic Assisted Immersion Nitriding” 
-4- 
 
(CAIN). The nitriding process produced a consistent TiCxNyOZ surface layer where the 
chemical composition of the layer developed in a three stage reaction involving the inward 
diffusion of interstitial carbon and nitrogen, whilst oxygen was removed from the surface. 
This surface layer improved the tribological properties of the Ti-6Al-4V samples by changing 
the wear mechanism from adhesive to abrasive, which resulted in an increased wear 
resistance, which was comparable to a commercial produced, physical vapour deposition 
TiCN coating. 
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Chapter 1  Introduction 
 
 The development of pure ductile titanium in 1940 by Kroll [1] has been hailed as the 
starting point for the application of titanium alloys in the 20
th
 century. Since this discovery, 
titanium alloys have been studied extensively in industrial applications with the aerospace 
industry initially driving the development of the alloy system. The use of titanium alloys has 
diversified into non-aerospace industries that include automotive, biomedical, marine, 
chemical processing and a variety of other niche markets. All of these applications use 
titanium for its range of properties that include its high strength to weight ratio, excellent 
corrosion resistance and biocompatibility. However, the application of titanium alloys are 
restricted because of the cost of producing components which is caused by the high cost of 
titanium sponge ($ 9.250/kg, May 2011[2]) and the use of machining to manufacture the 
majority of components that increases the scrap rate. The cost of titanium sponge has 
remained high because the reduction process is still based upon the Kroll route that is a batch 
driven process, which is slow and inefficient. Whilst the high scrappage rate is due to most 
components being machined to prevent interstitial pickup and damage to the microstructure. 
 
With the ongoing concerns about the global economy there is a continued drive to reduce 
waste and improve economic viability when using titanium components. These issues are at 
the forefront of concern in civil aviation with manufacturers wanting to reduce their buy to 
fly ratio and airlines wanting to maximise their fuel efficiency by using lighter aircraft. This 
has resulted in a renewed interest in titanium powder metallurgy. Powder metallurgy has the 
advantage of producing near net shape products with properties that are comparable to 
wrought product [3]but the process has never gained wide market attention due to a variety 
of issues. The most prominent issue is the pickup of interstitial elements such as carbon, 
nitrogen and oxygen caused by the high reactivity of titanium and by the increased surface 
area of the starting powder. A high concentration of these elements are detrimental to the 
mechanical properties of the finished products therefore a high quality powder is required and 
most of the manufacturing processes must be performed under a high vacuum, which drives 
up the cost and reduces most of the benefits of using powder metallurgy to produce titanium 
components. Subsequently powder metallurgy has not been adopted to produce components 
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on mass because of the cost of the starting powder and the slow consolidation process that is 
required to keep the uptake of interstitial elements to a minimum. 
 
The ability to reduce or control the interstitial concentration in bulk titanium is of importance 
in the field of extractive metallurgy for titanium. The current method of reducing the raw ores 
relies on the chlorination of titanium dioxide which is then reduced via a magnesiothermic 
reaction to produce pure titanium. This method requires a high vacuum, produces a toxic by-
product titanium tetrachloride and, cannot be used to continuously produce the finished 
product in comparison to other metal systems such as aluminium. Consequently novel 
processes to supersede Kroll’s process have been extensively researched in the last decade 
producing a multitude of processes such as the Fray Farthing Chen (FFC) Cambridge process, 
the Ono Suzuki (OS) process and multiple others [4-13]. Many of these processes were 
only tested as concept designs however, some have been scaled up to pilot plants and are 
currently being commercialised by various companies such as Metalysis, MER Corporation 
and Cristal Global (ITP). The thermochemical processes investigated recently have relied on 
calciothermic reduction, which reduces raw titanium dioxide to titanium using a molten flux 
of calcium chloride and calcium [8,11,13]. The process relies upon calcium having a 
higher chemical affinity to oxygen than titanium, which causes calcium to form an oxide 
more thermodynamically stable than titanium dioxide. This reaction instigates the reduction 
of titanium dioxide, which produces pure titanium as the finished product.  
 
Calciothermic reduction has been used to reduce oxides of many exotic metal systems such as 
lanthanum and plutonium [14-21] as well as titanium, however the process has not been 
studied as a method for lowering the oxygen concentration in bulk titanium and its alloy 
systems. The application of this process could result in cheaper starting materials being used, 
which would lower the overall cost of the production and make it more applicable to the 
market. Furthermore by controlling the interstitial oxygen concentration it suggests that the 
reduction process could be used to allow the preferential diffusion of other interstitial 
elements into the bulk material to improve the mechanical properties. 
 
Some disadvantages of titanium alloys relate to their tribological properties, which include a 
high and unstable coefficient of friction, a susceptibility to fretting, and a tendency to seizure 
[22-25]. These properties are attributed to the high reactivity of titanium and the alloy 
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systems’ relative ductility. Many studies have investigated methods to combat these failings 
and involve modifying the surface of titanium alloys with the diffusion of interstitial elements 
such as carbon, nitrogen or oxygen. Thermal oxidation has been examined in particular detail 
as a method to diffuse oxygen into the surface of titanium alloy but the method requires the 
environment to be carefully controlled to prevent the formation of brittle surface oxides and 
normally requires large cooling times to ensure an adherent layer forms [26-32]. This study 
intends to examine whether calciothermic reduction could be exploited to modify the surface 
layer of titanium alloys and thus improve their wear properties. In doing so, calciothermic 
reduction could be used to control the interstitial concentration in powder metallurgy 
components and improve their wear properties simultaneously, which could bring a variety of 
applications to industry. 
 
The principal aims of this thesis are to investigate the ability of calciothermic reduction to 
control the interstitial concentration of a powder metallurgy titanium alloy and enhance our 
understanding of the reaction mechanisms that control the diffusion of interstitial elements 
during this process. These objectives are divided into the following categories 
 
1) Assessing the parameters that effect calciothermic reduction, to optimise and control 
the bulk concentrations of oxygen and nitrogen in Ti-6Al-4V 
 
2) Investigating the reaction mechanisms of calciothermic reduction that aide the 
removal of  interstitial elements from Ti-6Al-4V 
 
3) Exploiting the process of calciothermic reduction to cause preferential diffusion of 
different elements into Ti-6Al-4V and produce wear resistant coatings that improve 
the tribological properties of the component. 
 
The research performed in this thesis is divided into six chapters. In Chapter 2, a thorough 
review of the literature introducing the background of titanium alloys and processing methods 
to control the concentration of interstitial elements, including a detailed analysis of 
calciothermic reduction is presented. Chapter 3 consists of a detailed explanation of the 
experimental procedure used for the investigations performed in the subsequent chapters. 
Chapter 4 details an in depth study on a novel experimental technique for quantifying oxygen 
within titanium alloy and highlights the potential use of this method for wide applications. 
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Chapter 5 examines the effectiveness of using calciothermic reduction to control the 
interstitial concentration in powder metallurgy Ti-6Al-4V and investigates the parameters 
required to optimise the process. Chapter 6 investigates the use of calciothermic reduction to 
form a wear resistant layer by preferential diffusion of interstitial elements. Finally Chapter 7 
will draw conclusions from the research discussed in the previous three chapters and suggest 
further work to develop this research. 
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Chapter 2  Literature Review 
2.1 Introduction 
 
The chapter is divided into five sections; Section 2.2 aims to provide the reader a general 
overview of titanium, and specifically the alloy system Ti-6Al-4V, which is the main focus of 
this project. From this base line understanding of the metallurgy, Section 2.3 will discuss the 
effects that interstitial elements have on titanium alloys and assess the kinetics required to 
exploit the diffusion of these elements to improve the mechanical properties of titanium 
alloys. Section 2.4 will explore the various production processes for producing titanium from 
its raw mineral to titanium sponge or directly into its specific titanium alloys. The discussion 
of the reduction processes will initially detail the Kroll process but will then examine 
emerging processes and their continued development. Finally, Section 2.5 will examine 
calciothermic reduction in detail and discuss many of the factors that affect the process and 
its ability to control the diffusion of interstitial elements. 
 
2.2 Titanium Alloys 
2.2.1 Origin and Usage of Titanium 
 
Titanium ore is one of the most abundant minerals found on this planet, however the 
extraction and purification of this transition metal is currently a large issue with the 
maximum capacity of many facilities being reached, whilst demand for the metal alloy 
continues to increase. Refining titanium from its commonly found ores rutile (TiO2) and 
ilmenite (FeTiO3) has always been difficult. Although initially discovered by William Gregor 
in 1791 [33] titanium was not refined at an industrial scale until 1940 using a process 
developed by Wilhelm Kroll [1]. The development of the Kroll process combined with the 
invention of the turbo-jet in 1941 by Frank Whittle, nurtured a large amount of the initial 
research into titanium alloys and culminated in the first commercial titanium mill opening in 
the 1950’s [34]. 
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The sustained interest in titanium has been due to its combination of properties that provide a 
niche market over other structural metals that include aluminium, steel and superalloys. The 
most important properties are the high strength-to-weight ratio and a corrosion resistance that 
exceeds stainless steel in sea water and acid environments. The combination of these 
properties has resulted in the aerospace industry extensively using titanium alloys, it accounts 
for 70 % of the world’s annual titanium usage. The use of titanium in the aerospace industry 
is growing because of an increased drive to lower the weight of planes and its excellent 
compatibility with carbon fibre reinforced plastic (CFRP’s) composites. Non-aerospace 
industries such as marine, chemical, biomedical and even sport have started to use titanium 
alloys but because airframe and aero-engine manufacturers are tied to 10-15 year supply 
agreements with titanium producers there is a lack of availability, which has kept the cost 
high. However, many other factors contribute to the cost, which are mainly associated with 
processing. 
 
Titanium production is still based upon Kroll’s process where rutile is reacted with chlorine 
and carbon to form titanium tetrachloride (TiCl4) that undergoes a magnesiothermic reaction 
to reduce the by-product to produce titanium sponge (discussed in detail in Section 2.4.2). 
The major disadvantage of this process is that it is a slow batch process, which contributes to 
49% of the cost in producing a one inch titanium plate [35], in comparison to the continuous 
Hisarna or Hall-Héroult process used for producing steel and aluminium respectively [36]. 
This large inefficiency has driven the development of new reduction processes for titanium 
ore, discussed in Section 2.4.3, but equally kept titanium from applications in many more 
markets due to its expense. The versatility of titanium has resulted in its use in multiple 
markets and the variety of alloys result from titanium’s allotropic behaviour, which can be 
modified with alloying elements to produce properties that are desirable for the specific 
application. 
 
2.2.2 Classification of Alloys 
 
Pure titanium has a melting temperature of 1660°C and is an allotropic element that can exist 
as two phases, alpha and beta, which have a hexagonal close packed (hcp) and body centred 
cubic (bcc) crystal structure respectively. This allotropic transformation occurs in pure 
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titanium at 882.5°C and is referred to as the beta transus [37]; this temperature can be 
modified with the addition of other elements. 
 
The alloying elements are divided into alpha or beta stabilisers and are categorised by their 
effect on the allotropic temperature. Alpha phase stabilisers increase the beta transformation 
temperature and tend to be non-transition elements such as aluminium, which is commonly 
used as a substitutional alpha stabiliser due to its large solubility in both the alpha and beta 
phase. Other substitutional elements used as alpha stabilisers include boron and some rare 
earth elements, but the latter elements are sparingly used in titanium alloys because of their 
limited solubilities in the alpha and beta phase. Carbon, nitrogen and oxygen are interstitial 
alpha stabilisers that have a strong influence on the beta transus temperature. The relative 
effect of each element on the beta transus temperature is evaluated using the aluminium 
equivalent equation (Equation 2.1) which is used to compare the alpha phase stability 
between alloys. [38] 
 
         [  ]       [  ]       [  ]    ([ ]  [ ]   [ ]) 2.1 
 
 
Beta stabilising elements in comparison lower the beta transus temperature, causing more 
beta phase to be stable at room temperature. These stabilisers can be divided into either β-
isomorphous or β-eutectoids depending on how they change the phase diagram of titanium. 
Beta-isomorphous elements such as vanadium, molybdenum and niobium are similar to the 
body centred cubic beta phase and do not form any intermetallic compounds. Whilst beta-
euctectoid elements such as iron, chromium, tungsten and silicon form intermetallic 
compounds as seen in Figure 2.1. Beta-eutectoid elements are normally trace impurities in 
titanium alloys and are generally avoided due to their detrimental effect on mechanical 
properties [38]. The stability of the beta phase in a titanium alloy system is assessed by the 
molybdenum equivalent equation (Equation 2.2) where the constants are determined as a 
ratio of the approximate wt. % of molybdenum required to retain all the beta phase at room 
temperature (βc) against the βc of the individual element [38] 
 
         [  ]       [ ]      [ ]      [  ]     [  ]      [  ] 2.2 
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Figure 2.1 - Schematic effects of alloying elements on binary phase diagrams of titanium 
alloys, adapted from Collings [37] 
 
With a combination of alpha and beta phase stabilisers, a large range of titanium alloys can 
be formed. These alloy systems are split into five distinct groups; (1) alpha, (2) near alpha, 
(3) alpha + beta, (4) metastable beta and (5) beta, which are displayed schematically  in 
Figure 2.2 
 
Figure 2.2 - Schematic psuedo-binary phase diagram of β-isomorphous titanium, adapted 
from Lutjering and Williams [38] 
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2.2.3 Ti-6Al-4V 
 
The development of alpha + beta alloys, improved the strength and formability of alpha 
alloys and led to the formation of the alloy system Ti-6Al-4V. This alloy system has a 
combination of alpha and beta stabilising elements, 5.5-6.75 wt % aluminium and 3.5-
4.5 wt % vanadium respectively [39], that sets the beta transus to 995°C [40] and allows 
both phases to be retained at room temperature. This alpha + beta phase alloy accounts for 
56% of titanium alloy usage in the United States of America  alone[41] and worldwide, the 
aerospace industry uses 80% of all Ti-6Al-4V produced [34]. Ti-6Al-4V is used extensively 
by the aerospace industry for airframe applications and components within the gas turbine 
engine such as fan blades; however, like many titanium alloys its application is diversifying 
into other industries. The biomedical and marine industries have started increasing their use 
of Ti-6Al-4V for its range of desirable properties that include a high tensile strength and 
toughness, good corrosion resistance, better formability and also the ability to tailor the 
mechanical properties to a high degree by thermomechanical processing. The microstructures 
produced can be divided into the catergories of lamellar, equiaxal and bi-modal (combination 
of both microstructures) 
 
Lamellar microstructures are easily obtained by annealing the alloy system above the beta 
transus temperature, which causes the recrystallisation of beta grains. During industrial 
processing when a lamellar microstructure is required, Ti-6Al-4V is beta annealed to initiate 
beta recrystallisation [38]. The microstructure that develops during beta recrystallisation is 
highly dependent on the cooling rate. If the alloy is slow cooled from above the beta transus 
temperature, alpha plates nucleates at the beta phase grain boundaries and grow into the beta 
grains parallel to the ( ̅   ) plane of the alpha phase and ( ̅  ) plane of the beta phase. The 
alpha plates continue to grow in this preferred orientation until it meets other alpha colonies 
that have nucleated from the beta grain boundary, as shown in Figure 2.3.  
-28- 
 
 
Figure 2.3 - Schematic of microstructure development in Ti-6Al-4V with a slow cooling rate, 
adapted from Donachie [3] 
 
As the cooling rate is increased, the thickness and size of the alpha lamellae decreases and a 
fine needle phase forms, referred to as acicular alpha phase. When the cooling rate of Ti-6Al-
4V is greater than 1000°C.min
-1
 the beta phase decomposes via a martensitic reaction and 
forms the phases alpha prime, α’ (close packed hexagonal) or alpha double prime, α’’ 
(orthorhombic), depending on the temperature the alloy is being quenched from.  
 
Bimodal microstructures are formed in a process that involves multiple steps. The alpha + 
beta alloy is initially homogenised above the beta transus and then cooled to room 
temperature. The cooling rate from the homogenisation temperature is seen as a critical step 
because it determines the width of the alpha phase lamellae and therefore the primary alpha 
(αp) size, which are then plastically deformed in the alpha + beta region to introduce enough 
dislocations to allow complete recrystallisation of the alpha and beta phases during the third 
stage. The recrystallization temperature then dictates the volume fraction of the isolated 
equiaxed primary alpha that forms at the triple points of the beta grains and this subsequently 
produces an alpha + beta lamellar microstructure with isolated alpha grains. 
 
The formation of an equiaxed microstructure follows a similar thermomechanical process but 
can be obtained by two methods; the first involves a very low cooling rate at the 
recrystallisation stage that causes only the primary alpha grains to grow instead of alpha 
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phase lamellae within the beta grains and the second method uses a low recrystallisation 
temperature (800-850°C for Ti-6Al-4V [38]) causing the equilibrium volume fraction of the 
alpha phase to form directly from the deformed lamellar microstructure.  
 
The microstructural and mechanical properties of titanium alloys can be manipulated by 
thermomechanical processing or the addition of alloying elements. These processes are 
usually performed in a vacuum or inert gas environment to prevent the unintentional pickup 
of interstitial elements, such as carbon, nitrogen and oxygen. The next section will explore 
the effects that interstitial elements can have on titanium alloys and discuss whether the 
diffusion of these elements can be used to improve the mechanical properties of finished 
products. 
 
2.3 Interstitial Elements in Titanium alloys 
2.3.1 Mechanical Effects of Interstitial Elements 
 
Impurity elements such as carbon, nitrogen, oxygen and iron are well known solid solution 
strengtheners in titanium alloys, with oxygen used as a controlled addition in commercial 
purity titanium and Ti-6Al-4V to produce alloys with varying mechanical properties, as 
shown in Table 2.1. Grade 1 commercially pure titanium (CP Ti) has the lowest concentration 
of interstitial elements and subsequently has the lowest ultimate tensile strength and is used 
for its resistance to corrosion. As the interstitial concentration increases in the titanium alloys 
of commercial purity, the ultimate tensile strength increases at the detriment to the corrosion 
resistance of the alloy. The two grades of Ti-6Al-4V are separated by their oxygen content; 
grade 5 is the most commonly used due to its superior mechanical properties, whilst grade 23 
is used in niche applications for its high damage tolerance at cryogenic temperatures. 
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Table 2.1 - Impurity concentration of Titanium alloy wires [42] 
 Max Element Concentration (wt. ppm) 
ASTM Grade O C N Fe Tensile Strength (MPa) 
Grade 1 1800 800 300 20 240 
Grade 2 2500 800 300 30 345 
Grade 3 3500 800 500 30 450 
Grade 4 4000 800 500 50 550 
Grade 5   (Ti-6Al-4V) 2000 800 500 500 895 
Grade 23 (ELI Ti-6Al-4V) 1300 800 300 250 793 
 
Carbon, nitrogen and oxygen are alpha phase stabilisers that act as solid solution 
strengtheners, however their individual effects on the mechanical properties are not the same. 
Finlay and Snyder [43] performed a detailed study that examined the effects of interstitial 
solutes on alpha titanium and demonstrated that as well as increasing the strength and 
hardness with increasing concentrations, they also decreased the ductility of the alloys. The 
authors demonstrated that the individual effects of each interstitial element were different, 
with nitrogen having the greatest effect followed by oxygen and carbon as shown in Figure 
2.4. 
 
A subsequent study by Jaffee et al [44] was in agreement on the individual effects of each 
element on the mechanical properties and proposed an equivalent oxygen concentration 
relationship (Equation 2.3) that indicated the effects of a combination of interstitial elements 
on the mechanical properties.  
 
[ ]                  
 
 
  
2.3 
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Figure 2.4 - Effect of interstitial elements on the mechanical properties of alpha titanium 
[43] 
 
This was shown to be fairly accurate by Ouchi et al [45]who assessed the incremental 
increase in strength due to the respective interstitial element and demonstrated that the 
increase of strength (0.2% proof and ultimate tensile strength) due to nitrogen was nearly 
twice as much as oxygen. The study demonstrated that carbon had the weakest effect for the 
solid solution strengthening but also highlighted the limitations of Jaffee’s equation, by 
showing effect of the carbon content on the 0.2% proof and tensile strength was 0.82 and 
0.45 of the oxygen content, in comparison to 0.66 that was predicted.  
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Table 2.2 - Increase of strength per 1 wt. % of interstitial element 
Element 0.2% Proof Strength 
 (MPa per wt. %) 
Ultimate Tensile Strength 
(MPa per wt.%) 
Oxygen 1360 1320 
Nitrogen 2530 2580 
Carbon 1120 590 
 
The oxygen equivalent equation (Equation 2.3) also does not account for the effects of iron, 
which is an impurity that is always found in titanium alloys due to the processing route. An 
increase in the iron content of commercial purity titanium has been shown to decrease the 
average alpha phase grain size, which results in an improved strength and is not detrimental 
to the ductility of the alloy [46]. These studies highlighted that interstitial elements had an 
effect on multiple mechanical properties of commercial purity titanium however they do not 
suggest the impact of such interstitial elements in titanium alloys, nor do they discuss why the 
interstitial elements cause the mechanical properties to change. 
 
Oh et al [47] studied the effect of oxygen content on the mechanical properties of Ti-6Al-
4V and argued the effect was limited in the alloy in comparison to commercial purity 
titanium. The evidence for this claim is convincing when the change in ultimate tensile 
strength is compared between the two alloys (Figure 2.5 (a)); both alloys display similar 
gradients for the change of ultimate tensile strength with the oxygen concentration. However, 
when the Vicker’s hardness and elongation are compared between the alloys there is a change 
in the gradients suggesting the hypothesis is not correct and the addition of the alloying 
elements, aluminium and vanadium, does change the effect of oxygen concentration on the 
mechanical properties. 
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Figure 2.5 - Effect of oxygen concentration on the (a) ultimate tensile strength (b) lattice 
parameters (c) Vickers hardness (d) elongation of Ti-6Al-4V and CP Ti [47] 
 
Figure 2.5 (b) shows that the lattice parameter ratio of c/a increased with the interstitial 
oxygen concentration at a rate dependent on the alloy. It is thought that the change of the 
lattice strain with respect to the interstitial concentration affects the mechanical properties. 
Oxygen and nitrogen occupy the octahedral interstices in close packed hexagonal materials 
[48], as shown in Figure 2.6 and subsequently any increase in their concentration causes a 
greater increase in the lattice strain in the c axis than the a axis[49].  
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Figure 2.6 – Schematic of the octahedral interstitial sites in the close packed hexagonal 
structure 
 
The increased lattice strain causes the lattice parameter c/a ratio to increase, which in turn 
restricts the number of slip planes in the hexagonal close packed structure and causes an 
increase in the hardness and strength [50]. Furthermore, the cause for nitrogen having a 
greater effect than oxygen on the mechanical properties of commercial purity titanium and 
Ti-6Al-4V was suggested by Montanari et al [49] who determined the effect of oxygen and 
nitrogen on the lattice parameters of alpha phase titanium in Ti-6Al-4V with Equations 2.4 & 
2.5 
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Where a and c are lattice parameters of the alpha phase titanium, a0 and c0 are the unstrained 
lattice parameters and η is the concentration of interstitial atoms in the lattice. It was observed 
from thermal absorption experiments that the values for da/dη and dc/dη due to oxygen are 
9.0 x 10
-5
 and 4.0 x10
-4
, whilst for nitrogen are 2.0 x 10
-4
 and 6.7 x10
-4
 respectively, all 
expressed in the change in lattice parameter per atomic percent addition (nm.at%
-1
). As the a 
and c lattice parameters increase they begin to limit the number of slip planes and therefore 
the amount of dislocation glide, which improves the strength but limits the ductility of the 
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material. Therefore nitrogen, which has the greatest effect on the lattice parameters, has the 
highest effect on the strength and ductility as demonstrated by Finlay et al [43]. 
 
The effect that oxygen and nitrogen have on the lattice parameters of close packed hexagonal 
titanium, cannot be ignored because of their effects on the mechanical properties; 
consequently these interstitial elements are closely controlled during the production of 
titanium alloys. However, even though nitrogen has a greater effect on the mechanical 
properties it is seen as more important to control oxygen during product processing due to the 
effects of diffusion.  
 
2.3.2 Oxygen and Nitrogen Diffusion through Titanium 
 
As discussed in the previous section, the inclusion of interstitial elements such as carbon, 
nitrogen and oxygen in solid solution with titanium can have undesirable effects on the 
mechanical properties. During the production of titanium components, the pickup of these 
elements is kept to a minimum by performing most processes in either a vacuum or an inert 
gas environment; however, in certain circumstances the pickup of interstitial elements can 
manifest itself in finished components by forming an alpha case. 
 
Alpha case is a surface layer that is enriched with interstitial elements that stabilises a thick 
and coherent alpha phase, shown in Figure 2.7. The formation of alpha case is well 
documented due to its detrimental impact on the mechanical properties and its brittle nature, 
which has led to a wide variety of problems in finished components [38]. The standard 
procedure for removing alpha case is by machining but this method is used sparingly because 
of the damaging impact on high speed steel tools [3], however chemical pickling is also 
used to remove alpha case when machining is not viable. Therefore, the prevention of alpha 
case forming is more important than remedying the problem. Understanding the diffusion 
mechanism of oxygen, nitrogen and carbon through alpha and beta phase titanium is seen as 
an important area of study, to help optimise production conditions to limit the uptake and 
ingress of interstitial elements.  
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Figure 2.7 - (a) metal injection moulded Ti-6Al-4V at 95% porosity after sintering (b) metal 
injection moulded Ti-6Al-4V at 95% porosity with alpha case 
 
The diffusion of an element into a system can be described by the Arrhenius equation that 
relates the rate of diffusion to the kinetics that dominate the reaction, show in Equation 2.6 
 
        (
  
  
) 
2.6 
 
Where D is the diffusion coefficient, D0 is a temperature independent coefficient, Q is the 
activation energy for diffusion, R is the molar gas constant and T is the absolute temperature. 
Concentration gradients of these interstitial elements can be analysed by Fick’s second law 
(Equation 2.7) which considers non steady state diffusion in a semi-infinite solid [51] 
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which can be solved for a semi-infinite 1-dimensional plane, in Equation 2.8: 
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Cx is the concentration at the distance x, Ci and C0 are the initial and final concentration that 
are the boundary conditions, D is the diffusion coefficient and t is time. With this solution the 
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diffusion coefficient for different elements in alpha or beta phase titanium can be compared, 
as shown in Figure 2.8 
 
Figure 2.8 - Diffusion coefficient of oxygen and nitrogen in titanium against temperature 
[52-54] 
 
Figure 2.8 demonstrates that the diffusivity of oxygen and nitrogen changes when the 
structure changes from alpha to beta phase titanium. The increase in diffusivity in the beta 
phase is caused by the change in the crystal structure, whereby the diffusion of non metallic 
interstitial elements is easier through a body centred cubic structure than in the hexagonal 
close packed structure. This is not reflected by the data points for nitrogen in Figure 2.8 but 
this is thought to be caused by a difference in the experimentation method, which is discussed 
in more detail later in this section. Furthermore the diffusivity of oxygen in titanium is faster 
than nitrogen, which is thought to be a result of the atomic radii and the maximum solubility 
of the element in a titanium matrix. Mishin et al [55] demonstrated the diffusivity of a 
metallic impurity element increased as the atomic radii decreased and this can be applied to 
the non-metallic elements oxygen and nitrogen where their atomic radii are 60 pm and 65 pm 
[56] respectively. This results in the diffusivity of oxygen being greater than nitrogen in 
titanium. However it is important to note that this heuristic rule relating atomic radius to the 
interstitial diffusivity of an element has some notable exceptions that include carbon, where 
the diffusivity is faster than oxygen even though it has an atomic radius of 70 pm[57]. 
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The high diffusivity of oxygen in titanium combined with its detrimental impact on the 
mechanical properties of the alloy system has resulted in the diffusion properties of this 
element being studied extensively. Liu and Welsch [58] performed a comprehensive review 
of the diffusivities of oxygen in alpha and beta titanium and highlighted the range of values 
obtained. The difference between the studies for the pre exponential value and the activation 
energy result from the methodology for producing the concentration gradient and the 
technique used to measure the concentration gradient  
 
The most commonly used experiments for producing concentration gradients in titanium are 
internal friction for low temperature experiments and oxidation in a controlled environment at 
higher temperatures. The internal friction method relies on the movement of interstitial solute 
atoms to a position of minimum local strain energy when a uni-directional stress is applied to 
a specimen. Consequently, under oscillating stress conditions the diffusivity of oxygen at a 
given temperature can be measured by measuring the effective jump distance and the success 
jump frequency as given by Equation 2.9 [59] 
 
         2.9 
 
Where D is the diffusion temperature, Γ is the success jump frequency and x is the effective 
jump distance. In comparison the method of oxidation produces an oxide scale and an oxygen 
concentration gradient in the metal substrate, which is a useful guide for understanding the 
application of titanium in elevated temperatures. The oxidation approach does have its 
limitations due to the formation of surface oxides. This oxide is normally TiO2 but can 
sometimes be comprised of non-stoichiometric oxides such as TiO and Ti2O3 that will affect 
the measurements of the diffusion coefficients. Other issues with oxidation experiments 
include the measurement of the concentration gradient, this can be as simple as measuring the 
depth of the alpha titanium phase that forms below the oxide to complex measurements using 
various spectroscopy techniques. 
 
Table 2.3 shows the diffusivity of oxygen obtained from studies where the titanium specimen 
has undergone oxidation but different methods have been used to measure the concentration 
of diffused oxygen. The differences between the values are immediately apparent and this 
highlights the importance of the techniques used to measure the concentration profile to 
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determine the pre exponential coefficient and the activation energy. Furthermore these 
experiments do not take the initial interstitial oxygen concentration in the titanium specimens 
into account. 
 
Table 2.3- Pre exponential constant and activation energy for oxygen diffusion in titanium 
Temp range (°C) D0 (m².s
-1
) Q (kJ.mol
-1
) Method 
815 – 1149 20.3 315 Microhardness [60] 
750 – 1050 9.4 x10-2 287 Thermogravimetric analysis [61] 
750 – 870 1.6 x 10-3 218 X-ray structure analysis [62] 
 
Recently, Song et al [63] investigated a new method for determining the diffusivity of 
oxygen in beta phase titanium. Unlike the standard gaseous procedure that oxidised 
commercial purity titanium sample, Song proposed a novel technique to produce an oxygen 
concentration profile, which used a chemical reaction to cause the diffusion of oxygen into 
the bulk titanium. It had been shown that when titanium is in an oxidising molten flux of 
CaO-CaCl2 [6], oxygen diffuses into the bulk titanium system without the formation of any 
oxides as dictated by Equation 2.10 
 
   ( )    ( )                      ( ) 2.10 
 
By using the atomic theory of diffusion, an oxygen diffusion coefficient was determined that 
incorporated the effect of the interstitial concentration on the diffusivity of oxygen in 
titanium as shown in equation 2.11.  
 
   [
     
  
]    [
        (        )
 
  
] 
2.11 
 
Where D is the diffusivity of oxygen in beta titanium (m²s
-1
), C0 is the interstitial oxygen 
concentration in titanium, R is the gas molar constant and T is the absolute temperature (K). 
Equation 2.11 produced diffusivity values that were much greater than other studies 
[52,64], which Song argued, was due to the standard oxidation experiments 
underestimating the diffusion of oxygen due to the high oxygen concentration that would be 
maintained at the alpha/beta interface causing a decrease in the diffusivity as shown in Figure 
2.9(a). This seems plausible but Song’s method for determining the diffusivity of oxygen is 
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not flawless, in his experiment he mentions that the surface has to be cleaned in hydrochloric 
acid and polished before measuring the oxygen concentration, which suggests that a small 
surface layer is forming that could contain the by-product of the reaction, calcium or other 
contaminants such as carbon [8], that would affect the diffusivity measurements. 
Furthermore the molten flux and environment has to be stringently controlled to ensure that 
the oxygen diffusion is uni-directional because the analysis of the interstitial concentration is 
performed using inert gas fusion, which analyses the whole sample volume rather than the 
concentration gradients within. This point is emphasised when Song et al[65] performed a 
similar experiment to determine the diffusivity of oxygen in titanium but used a molten flux 
of Ca-CaCl2. 
 
 
Figure 2.9 - (a) Diffusion coefficient of oxygen in beta titanium as a function of interstitial 
oxygen concentration (b) comparison of Arrehnius plots for oxygen diffusion in beta 
titanium; adapted from Song et al [63-65] 
 
When using a molten flux of Ca-CaCl2, the experiment would produce an oxygen 
concentration gradient by removing oxygen from the surface of the specimen in contact with 
the reductants. By lowering the surface oxygen concentration to 250 wt. ppm in comparison 
to the study using CaO-CaCl2,which raised it to 8600 wt. ppm, the diffusivity of oxygen  in 
alpha titanium was shown to increase as the interstitial oxygen concentration was lowered 
(Figure 2.9 (b)) , which was consistent with their hypothesis. However this study assumes 
that only uni-directional diffusion of oxygen is occurring, which cannot be true because the 
high vapour pressure of calcium causes oxygen to be removed from titanium surfaces that are 
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not in contact with the molten flux. This effect has been noted by Okabe et al [13] and has 
been exploited to reduce titanium dioxide using calcium vapour in the preform reduction 
process (PRP). The multi-directional removal of oxygen when a Ca-CaCl2 molten flux is 
used, would overestimate the diffusivity of oxygen, which could account for the large 
difference between the diffusivity of oxygen in the Ca-CaCl2 reduction experiment in 
comparison to more traditional oxidation methods. 
 
The concern of interstitial diffusion at elevated temperatures has resulted in a wide variety of 
experiments used to determine the diffusivity and activation energy of oxygen in alpha and 
beta phase titanium. The application of multiple experiments combined with different 
methods for measuring concentration gradients has resulted in an array of diffusion 
coefficients, which is not useful but has highlighted additional factors that can affect the 
diffusion of oxygen. These range from the obvious, such as phase and temperature to more 
subtle aspects such as the interstitial oxygen concentration in the bulk titanium. By 
understanding the factors that can affect the diffusion of interstitial elements it becomes 
possible to exploit the movement of oxygen and nitrogen to improve some of titanium’s 
inferior properties. 
 
2.3.3 Tribological Properties of Titanium Alloys 
 
The exceptional properties of titanium alloys, including a high strength-to-weight ratio, 
resistance to corrosion and good biocompatibility have been discussed extensively but these 
alloys are rarely used in contact loading conditions because of their poor tribological 
properties. Titanium alloys have high and unstable coefficients of friction, a susceptibility to 
fretting wear, low resistance to abrasion and a tendency to seize under specific conditions 
[24,66]. These problems can cause secondary issues that limit the use of titanium in 
specific applications, such as the formation of aluminium and vanadium containing wear 
debris, which is biologically harmful when used in medical implants [22,67]. 
 
The severe tribological issues that titanium and its alloys suffer are due to its preferred wear 
mechanism, adhesive wear. The adhesive wear mechanism builds upon the theory proposed 
by Bowden et al [68]that the actual contact area between two frictional surfaces is only 0.1 
– 0.001 of the contact area of two elastic curved surfaces because of the asperities of each 
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surface limits the actual areas of contact. This results in extremely high stresses and 
temperatures at the contact points that do not follow the smooth Hertzian contact stress [69] 
and effectively cold welds the contact points together forming an adhesive junction. Under 
sliding conditions the continued shear force breaks the adhesive junction and material is 
transferred from one surface to another depending on the cohesive strength of the materials, 
as demonstrated by Figure 2.10 
 
 
Figure 2.10 - Adhesive wear mechanism where the static sample forms an adhesive junction 
with an adhesive strength greater than the cohesive strength of the sliding material 
 
The factors that aid the adhesion between titanium and the contact metal range from atomic 
scale effects of the electron structure to the macro scale factors of ductility. At the atomic 
scale it was demonstrated by Buckley et al [70] that the tribological properties correlated 
with the d-bond character, which was a measure of the chemical reactivity of the pure metal. 
An unreactive metal is associated with a high percentage of d-bond character and results in a 
lower coefficient of friction; however titanium has a low d-bond character meaning it readily 
reacts and forms adhesive junctions, resulting in an increased coefficient of friction, as seen 
in Figure 2.11. 
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Figure 2.11 - Relationship between the coefficient of friction and the d-bond character of the 
pure metal, adapted from Miyoshi et al [70] 
 
The formation of adhesive junctions is additionally aided in titanium alloys by its crystal 
structure and relatively high ductility. Hexagonal close packed structures tend to have 
superior tribological properties because of their limited number of slip systems, which 
reduces plastic deformation and limits the formation of junctions between the contact 
materials [71]. Alpha titanium does not behave in a similar fashion because it has a 
compressed c-axis, which makes slip along other planes such as {   ̅ } and {1011} more 
favourable, increasing the number of slip systems and therefore the ductility. Consequently, 
the relatively high ductility of titanium contributes to the adhesion mechanism.  
 
From the adhesive wear theory, it could be suggested that the tribological properties of 
titanium can be easily improved by reducing the ductility of the contact surfaces. This can be 
achieved by introducing hard coatings or changing the alloy composition to reduce the 
ductility. Solely increasing the surface hardness to limit the formation of adhesive junctions 
by locally increasing concentration of interstitial elements such as oxygen and nitrogen does 
not improve the tribological properties [72] because it does not change the d-bond character 
of titanium. As a result, all techniques used to improve the tribological properties of titanium 
alloys have focused on applying surface layers that are harder than the titanium alloy 
substrate and are not affected by adhesive wear. 
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2.3.4 Interstitial Surface Modification 
 
When solid solution diffusion hardening of titanium alloys with nitrogen and oxygen was 
shown not to improve the sliding wear resistance of the components because of the 
unchanged d-bond character, the development of separate surface layers in titanium alloys to 
improve the tribological properties began[66]. The selective diffusion of interstitial elements 
to form surface layers that improve the wear resistance of titanium alloys were commonly 
titanium carbides, nitrides or oxides. The formation of these coatings by interstitial diffusion 
was commonly studied because they exploited titanium’s high reactivity with the respective 
interstitial elements. The formation of these surface layers improved the tribological 
properties by changing the chemical properties of the surface to limit adhesive wear, whilst 
increasing the hardness and roughness of the surface.  
 
Various surface engineering techniques have been studied to combat the tribological failings 
of titanium alloys and have been successful to varying degrees. Techniques such as plasma 
ion implantation (PII), glow discharge nitriding [73], physical vapour deposition [74] and 
chemical vapour deposition [75] have been applied to titanium alloys, but their use has been 
limited by poor adhesion between the substrate and the coating. Furthermore, as well as poor 
bonding between the coating and the substrate these techniques generally could not be used to 
produce uniform coatings on complex shapes, which limited their industrial applications. 
These weaknesses led to the development of methods that would convert the surface of the 
substrate into a ceramic, which would stop the adhesive wear mechanism. Diffusion based 
treatments such as selective gas diffusion [76-79] and thermal oxidation [32,80-82] were 
examined due to their ability to produce adherent coatings on complicated geometries. 
 
The formation of titanium nitride by gas diffusion to produce a coating on titanium alloys 
was originally developed by Johansson et al [83] who heated specimens in a furnace with an 
atmosphere of pure nitrogen between the temperatures of 650 – 1000°C. The formation of a 
coherent titanium nitride coating on the surface by this method was aided by the lack of 
complex phase changes that occur when forming TiN, which is demonstrated by the titanium 
– nitrogen binary phase diagram (Figure 2.12). 
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Figure 2.12 - Ti-N binary phase diagram; adapted from Wriedt et al [84] 
 
This method could not however be easily replicated to produce surface oxide layers for a 
variety of factors. First, the titanium-oxygen binary system (Figure 2.13) is far more complex 
with multiple oxide phases potentially forming during gas diffusion such as TiO, Ti2O3, TiO2, 
which can affect the adherence of the coating to the substrate and limit the likelihood of a 
stoichiometric surface layer forming. Furthermore because oxygen readily reacts with many 
alloying elements used in titanium alloys the process of oxygen gas diffusion is limited by the 
formation of other oxides. Ti-6Al-4V readily forms an Al2O3 scale at the gas/ oxide interface 
with a TiO2 layer underneath when it is exposed to an oxygen-containing environment [85]. 
These layers are brittle and poorly adhered to the titanium substrate; consequently the direct 
oxidation of titanium alloys to improve their tribological properties is rarely used to improve 
the tribological properties. 
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Figure 2.13 - Ti-O binary phase diagram; adapted from Murray et al [86] 
 
A novel surface engineering technique was developed by Dong et al [32] that overcame the 
issues that occur when oxidising titanium alloys. The authors demonstrated that by thermally 
oxidising titanium specimens in a controlled environment of 20% oxygen and 80% nitrogen 
at 550 – 650°C for 50 – 120 hours, they formed a coherent and well-adhered surface coating 
of titanium dioxide. The surface coating that initially formed improved the tribological 
properties of the titanium alloy, whilst the extended thermal exposure time allowed oxygen to 
diffuse into the titanium forming an oxygen diffusion zone (ODZ) that increased the hardness 
of the region and aided the adhesion between the surface oxide and the titanium substrate. It 
was demonstrated that the process could be accelerated by increasing the temperature or even 
using plasma to aid the process [73,82]. However the increasing temperature came at the 
expense of the quality of the surface layer oxide which would become poorly adherent and 
porous. The formation of pure oxides or nitrides as surface coatings dramatically improved 
the tribological properties of titanium alloys but the properties could be further improved 
upon by producing complex oxynitrides. 
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Continued development of these processes demonstrated the application of titanium 
oxynitride coatings exceeded the wear and corrosion resistance of sole nitride or oxide layers 
[87,88]. The formation of oxynitrides, however cannot be performed by exposing titanium 
alloys to a mixed gas atmosphere of oxygen and nitrogen because titanium will preferentially 
form oxides over nitrides due to the Gibb’s energy of formation [89]. As a result, the 
optimal method for producing oxynitrides is to form a titanium nitride coating first and then 
modify it with oxygen following Equation 2.12 [76,77]  
 
                 2.12 
 
The formation of the oxynitride layer involved the replacement of nitrogen with oxygen 
atoms resulting in a lowering of the nitrogen composition and slowly transformed the outer 
surface layer to titanium dioxide TiO2-y, shown by Figure 2.14. The composition of the final 
oxynitride depended on the time, temperature and partial pressure of the oxidising step as 
well as the initial stoichiometry of the nitride layer [90]. The formation of titanium 
oxynitride coatings highlighted how the preferential diffusion of nitrogen and oxygen could 
be applied to produce wear resistant coatings with tailored chemical compositional on the 
titanium alloy substrates. 
 
 
Figure 2.14 - (a) oxynitriding thermal profile (b) evolution of oxynitride layer; adapted from 
Yaskiv et al [76] 
 
The major disadvantages, however, of using gas diffusion to produce these surface layers is 
the long times required which can be in excess of 100 hours via Dong’s method[91] and the 
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highly controlled environments required to produce the specific chemical compositions of the 
surface layer. One method to reduce the cost and improve the efficiency of these methods 
would be to use an air environment to modify the surface layer while avoiding any 
detrimental effects to the mechanical properties. Gutmanas et al [92] demonstrated that 
preferential diffusion of nitrogen into titanium alloys could be induced from an air 
environment to produce a surface layer of TiN and Ti2N. The powder immersion reaction 
assisted coating (PIRAC) process used a stainless steel container that absorbed the oxygen 
and nitrogen from the air atmosphere initially, forming the stable oxide Cr2O3 and the 
unstable nitride Cr2N. As the process temperature was raised, the Cr2N phase decomposed, 
releasing a supply of monoatomic nitrogen in the reaction vessel which reacted with the 
titanium alloy to form a surface layer of TiN and Ti2N. This method was applied to Ti-6Al-
4V orthopaedic implants [78,79] and produced the expected ceramic surface layer, which 
was found to improve the tribological properties under fretting conditions. There has 
however, been debate over the nature of the surface layers formed in this process. Shenhar et 
al [78] suggested that an additional layer of Ti3Al formed underneath the Ti2N coating in 
contrast to Rie et al [93] who suggested the phase was Ti2AlN. This area of contention 
highlights the complexities of using interstitial element diffusion to improve the tribological 
properties because an increase of carbon, nitrogen and oxygen can cause additional phases to 
form that depend on the alloy composition. 
 
In conclusion, it has been shown that the tribological issues of titanium and its alloys can be 
overcome by applying a ceramic coating to the substrate, which prevents the potential for 
adhesive wear. The formation of these coatings has continually developed with current 
techniques focusing on the diffusion of interstitial elements into the titanium substrate via 
controlled gas environments. Further development of these methods has demonstrated that 
more complex multi-element surface layers can be formed by causing the preferential 
diffusion of certain interstitial elements. This suggests that instead of using highly controlled 
environments to produce simple coatings, more complex surface layers that have improved 
tribological properties could be produced using an air environment and chemically tailored by 
controlling the diffusion of nitrogen and oxygen. 
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2.4 Titanium Processing 
2.4.1 Introduction 
 
The importance of the relationship between titanium and impurity elements such as, carbon, 
nitrogen and oxygen is the foremost concern for the extractive community. This next section 
will discuss the past, present and future methods of refining titanium and will specifically 
focus on how these processes are used to remove oxygen and other impurities to produce 
commercial purity titanium.  
 
2.4.2 Raw Mineral Processing 
 
Currently the production of titanium from its mineral form of rutile (TiO2) or ilmenite 
(FeTiO3) still follows the principles of a metallurgical reduction process proposed by Kroll in 
1940 [1]. In this process, titanium dioxide ore is reacted with coke and chlorine at a high 
temperature to form titanium tetrachloride (TiCl4) or ‘tickle’ as it is commonly referred to in 
industry [94] 
 
     ( )       ( )   ( )        ( )       ( ) 2.13 
 
The titanium tetrachloride is then reduced with magnesium in a steel retort at 800°C to 
produce a partially sintered titanium sponge. 
 
      ( )     ( )          ( )         ( ) 2.14 
      ( )     ( )       ( )         ( ) 2.15 
 
Titanium tetrachloride is added to magnesium at a carefully controlled rate because the 
reaction is extremely exothermic and an uncontrolled reaction will causes the reaction 
temperature to rise to a point where sintering of the sponge occurs, which traps volatile 
impurities that are detrimental to the mechanical properties of finished products. After the 
magnesium reduction the sponge is machined off the reaction vessel before it is vacuum 
distilled to remove the by-product magnesium chloride and then melted under vacuum to 
form ingots for further processing and eventually component production. There are many 
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disadvantages with the Kroll process that include it being a slow batch process, which is 
expensive and inefficient. Furthermore, the use of titanium tetrachloride is dangerous and 
expensive, accounting for more than 50% of the cost for producing titanium sponge as shown 
in Figure 2.15 
 
 
Figure 2.15 - Relative proprtions of cost for titanium sponge production [38] 
 
A variant of the Kroll process is the Hunter process [95]; this method reduces the titanium 
tetrachloride using sodium and was used to produce a significant percentage of titanium 
sponge until 1995. This process was eventually abandoned due to the economics of 
magnesium being a cheaper reducing agent than sodium. The process is still used to produce 
small batches of extremely high purity titanium for the electronics industry but it is as 
laborious as the Kroll process because it still requires titanium tetrachloride and it is also a 
batch process. As a result of the processing of titanium sponge being costly and time 
consuming there is a continuous development to find a new production route for titanium, 
even if it is a modification of the Kroll process. 
 
Suzuki et al [10] proposed a modified version of the Kroll process to improve efficiency and 
reduce wastage. The concept design suggested was a reaction vessel to allow the continuous 
production of titanium during the magnesiothermic reaction. Titanium tetrachloride gas was 
introduced at the bottom of the reaction vessel containing a molten salt and excess titanium 
powder. The pure titanium powder would react with the titanium tetrachloride to reduce the 
ions from Ti
4+
 to Ti
2+
 and dissolve into the molten salt that was acting as a solvent for Ti
2+
 
ions. This molten salt containing Ti
2+
 ions would then feed into the secondary reaction vessel 
and react with the magnesium, and precipitate pure titanium, which would settle at the bottom 
of the vessel, as shown in Figure 2.16 
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Figure 2.16 - Suzuki concept design for the continuous production of Ti powder 
 
The main disadvantage with the concept design is its use of titanium tetrachloride, and 
additionally the concept as a whole was not proven in this study because Suzuki et al [10] 
split the two parts of the reaction vessel into separate experiments, so the overall process 
could not be examined. In addition, the design has not been scaled to an industrial level 
because it only improved the efficiency of producing titanium powder during the 
magnesiothermic reaction.  
 
For all the criticisms of the experiment, the study importantly investigated the use of a variety 
of molten salts including sodium chloride (NaCl), potassium chloride (KCl), lithium chloride 
(LiCl) and magnesium chloride (MgCl2). This was the first study to examine how alkali or 
alkali-earth salts could improve the efficiency of titanium production, which paved the way 
for investigations into other processes that would use molten salts to aid with deoxidising 
titanium dioxide. 
 
2.4.3 Emerging Processes  
 
The Kroll process and related processing technologies have reached a stagnation point where 
only incremental increases to efficiency are being made. This is incompatible with the rising 
demand for titanium, which is exceeding supply. As a result there have been extensive studies 
investigating alternative reduction processes.  
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The processes that have been investigated can be divided into three groups; electrochemical, 
electrolytic and metallothermic. The electrochemical processes examined, used electrolysis to 
reduce a titanium ore anode in a molten salt bath. Electrolytic reduction dissolves titanium 
ore into the electrolyte (similar to the Hall-Héroult process [36]) and during electrolysis, 
forms commercial purity titanium that is precipitated or separated from the electrolyte. The 
final processes investigated are metallothermic reduction that use a chemical reaction to 
reduce the titanium ore, similar to the Kroll process. The three groups outlined are not 
definitive, and many innovative methods use a combination of electrochemical, electrolytic 
and metallothermic methods to produce titanium sponge or powder, as shown in Table 2.4. 
 
Table 2.4 lists some of the emerging processes reported recently, but it is not an extensive list 
of all the reduction processes that have been investigated in the last twenty years to produce 
pure titanium. This table focuses specifically on reduction processes that use a molten salt 
bath in some manner and does not include processes that have been discontinued or 
intergrated into other companies (eg. BHP Biliton Polar Process bought by Metalysis [96]). 
 
It is important to note the distinction between the emerging processes that are being scaled up 
for industrial usage and those that are concept designs. Many of the concept designs are based 
on small experiments that were used to determine whether oxygen can be removed from 
titanium dioxide. The concept design can be radically different to the actual experiment such 
as Suzuki et al [10], described earlier, which casts doubt over the viability of upscaling a 
specific method into a commercial process. Overall there are many reduction processes that 
are currently being investigated with varying levels of interest by industry and the following 
section will examine in detail, the most important and applicable processes for lowering the 
oxygen concentration of titanium alloys. 
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Table 2.4 - Comparison of emerging processes 
 
2.4.3.1 Fray Farthing Chen (FFC) Cambridge Process 
 
One of the most extensively studied processes is the patented Fray, Farthing and Chen (FFC) 
Cambridge process [4,5]. This process relies upon the ionisation of oxygen (Equation 2.16) 
Process Reduction 
Method 
Summary Industrial Usage 
Fray Farthing Chen 
(FFC) Metalysis 
[4]  
Electrochemical Direct electrolysis of partially 
sintered TiO2 pellets in CaCl2 
Industrially used by 
Metalysis  
Ono Suzuki (OS) 
[8] 
Electrochemical 
/Electrolytic 
Electrolysis of CaO in CaCl2 to 
produce Ca that reduces TiO2  
Concept design 
Electronically 
Mediated Reaction 
(EMR) [7] 
Electrochemical Electrolysis of Ca-Ni alloy in CaCl2 
to release electrons that reduce TiO2 
Concept design 
Quebec Iron 
Titanium (QIT) 
[97] 
Electrolytic Titania slag is poured into molten 
CaF2 and electrolysed to reduce the 
ore 
Pilot plant - Discontinued 
MER [98] Electrolytic Electrolysis of preform TiO2 + C 
anodes to form Ti
3+
 ions that are 
reduced in the electrolyte  
Industrially used by MER 
Corp 
Ginetta (GTT) 
[99] 
Electrolytic TiCl4 vapour is injected into an alkali 
halide electrolyte and electrolysed to 
produce a multiphase cathode  
Industrially used - 
Discontinued 
Armstrong [100] Metallothermic TiCl4 vapour is injected into a 
flowing plasma stream of Na 
Industrially used by Cristal 
Metals 
Preform Reduction 
Process (PRP) 
[13] 
Metallothermic TiO2 is combined with CaCl2 to make 
preform material that is reduced by 
Ca vapour 
Concept design 
TiRo [203] Metallothermic TiO2 is continuously reduced with 
TiCl4 and Mg in a fluidised reactor 
containing Ar 
Industrially used by 
CSIRO Australia 
CSIR-Ti [204] Metallothermic TiCl4 is injecteded into molten MgCl2 
using a ‘gas pumping’ stirrer 
Industrially used by CSIR 
South Africa 
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and directly reduces solid pellets of TiO2 by electrolysing them in a molten calcium chloride 
bath with a graphite anode as shown in Figure 2.17.  
 
         
           
   2.16 
 
Figure 2.17 demonstrates the two different electrolysis methods initially proposed; (a) shows 
a partially sintered titanium pellet placed at the bottom of the graphite crucible which is used 
as a cathodic current collector and Figure 2.17 (b) displays a cell that has the titanium dioxide 
pellet attached to Kanthal wire which is used as the current collector; this is the preferred 
method because it is easier to remove the samples. Both experiments used molten calcium 
chloride as the electrolyte at a temperature of 850 - 900°C and were performed for five to 
twenty-four hours. 
 
 
 
Figure 2.17 - Electrolytic cells for the FFC Cambridge process; (a) graphite crucible used as 
cathode (b) Kanthal wire used as cathode 
 
Considering titanium dioxide is an electrical insulator, the direct ionisation should be 
extremely slow; however, studies have shown that pure titanium can be produced in five 
hours [5]. This is because the ionisation of oxygen in titanium causes the formation of 
‘magnelli’ phases that are highly conductive. Examination of the Ti-Ca-O-Cl electrode 
potential diagram, shown in Figure 2.18 [101] suggested that increasing the negative 
electrode potential would form these ‘magnelli’ phases that would aid the reduction of 
titanium dioxide by Equation 2.17: 
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Figure 2.18 – Electrode potential versus pO2- diagram for the Ti-Ca-O-Cl system at 900°C 
with CO, CO2 evolution on a graphite node, adapted from Dring [101] 
 
    
  
      
  
      
  
    
  
     (              ) 
2.17 [54] 
 
The initial steps of this process, C4 and C3, occurred at potentials that caused the activities of 
the reduced calcium (Ca
0
 or Ca) to be extremely low suggesting that the reduction occurred 
in the absence of calcium. However as the negative electrode potential increased, it 
approached activities allowing the formation of calcium, which degrades the electrical 
properties and reduces the efficiency of the reduction process. Furthermore the calcium that 
has formed reacts with the graphite anode and some of the gases produced by the reduction 
process (carbon monoxide or carbon dioxide), which makes additional compounds that 
reduce the efficiency of the reaction even further. 
 
The reason for the increase in the calcium activities is under debate; Schwandt et al [102] 
suggested that a simultaneous reaction mechanism could be occurring parallel to Equation 
2.17; where the oxygen and calcium are redistributed at the electrode to produce the by-
product calcium titaniate (CaTiO3) if the partial pressure of oxygen during the reaction is low 
enough, identified in Equation 2.18. This is plausible, as Dring et al [101] highlighted the 
formation of CaTi2O4 as a limitation to their study, and suggested the likelihood of its 
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formation as ‘tentative’ and subsequently was omitted from the predominance diagrams in his 
study. However he did suggest that CaTi2O4 could be investigated in further studies and if the 
phase did form it would proceed the formation of CaTiO3, which agrees with Schwandt’s 
hypothesis.  
 
                                   (              ) 2.18 
 
The FFC Cambridge process is currently being scaled up to an industrial scale by Metalysis 
Ltd, South Yorkshire, which has generated a large amount of interest within the titanium and 
tantalum extractative metallurgy communities [103,104]. The solid state process has many 
advantages over the current Kroll process that include its ability to continuously produce 
titanium sponge via an electrochemical process, resulting in an increase in the efficiency of 
production and in addition, removing the need for titanium tetrachloride. As well as the 
obvious advantages, there are opportunities for exploiting this process that include using 
other feed materials instead of rutile and ilmenite and using the process to produce alloys.  
 
Ma et al [105] demonstrated that different feed materials such as titania dust, metatitanic 
acid and titanium-rich slag could be reduced to pure titanium, with an oxygen content of 3000 
wt. ppm, via the FFC Cambridge process. Importantly in this study the authors showed that 
metallic impurities such as aluminium and manganese could be reduced and removed by the 
same process of electrolysis, which suggested that the FFC Cambridge process could be 
applied to multiple metal systems. This prompted further investigations into the possibility of 
using the FFC Cambridge process to produce alloy systems such as Ti-10W[106] and 
NiTi[107] that are difficult to produce via conventional methods. In 2013, the future is 
optimistic for the upscaling of the “FFC Metalysis process”, but it is not the sole 
electrochemical process to have gathered a large amount of attention for its potential use at an 
industrial level. 
 
2.4.3.2  Ono Suzuki (OS) Process 
 
The Ono Suzuki (OS) process was developed by Suzuki et al [8] as an alternative to the 
FFC Cambridge process and uses calcium to reduce the titanium dioxide. Before discussing 
the OS process in detail it is important to distinguish the electrochemical OS process from the 
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direct metallothermic process of calciothermic reduction; the OS process is an 
electrochemical process that reduces titanium ores by a secondary reduction process that 
requires the reductant to be electrochemically produced before relying upon calciothermic 
reduction to reduce the titanium dioxide. In contrast, the metallothermic process of 
calciothermic reduction uses calcium as the reductant and does not use any electrolysis, this 
is discussed in more detail in Section 2.5. The OS process produces calcium by the initial 
reduction of calcium oxide (Equation 2.19), which reduces the titanium oxide by 
calciothermic reduction as shown in Equation 2.20. 
 
               2.19  
                   
        2.20 
 
The direct reaction between calcium and titanium dioxide was suggested as a method to 
produce titanium in 1936 [108]; however Kroll stated that ductile titanium could not be 
produced by this method because the by-product calcium oxide (CaO) would remain attached 
to the titanium sponge leaving a high oxygen concentration in the finished product. This 
problem is circumvented in the OS process by using molten calcium chloride which acts as a 
solvent for calcium oxide and prevents its build-up. 
 
The initial electrolysis to produce the reductant calcium is used to reduce the calcium oxide 
by-product and consequently regenerate the reaction. However, the theoretical decomposition 
voltage of calcium oxide is close to the decomposition voltage of calcium chloride (Figure 
2.19), which could cause chlorine gas to evolve at high overpotentials. This issue can be 
circumvented by using a consumable carbon anode because it lowers the potential by 1.03 V 
and causes calcium oxide to decompose into carbon monoxide or carbon dioxide and 
calcium, as shown in Equation 2.21 and 2.22 [9] 
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Figure 2.19 - Electrochemical potentials for the decomposition of calcium chloride and 
calcium oxide, adapted from Suzuki et al [9] 
 
Anode:      -        
-       - 2.21 
Cathode:        -      2.22 
 
Since the OS process has a similar experimental set up to the FFC Cambridge process, the 
reaction mechanism had to be verified to assess whether calcium was reducing the titanium 
oxide. The experimental setup shown in Figure 2.20 was used to detect dissolved calcium in 
the molten flux by placing titanium dioxide powder in multiple places within the reaction 
vessel. The titanium dioxide powder within the titanium cathode net (position one) was 
reduced to alpha titanium, but the feed material in positions 2 and 3 formed partial titanium 
oxides (Ti3O, Ti2O, Ti2O3 and TiO). The reduction of the titanium dioxide in positions 2 and 
3 that were electrically isolated suggests that a reducing agent is being precipitated at the 
cathode surface and is dissolved in the molten flux [109]. 
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Figure 2.20 - OS Process with TiO2 at different positions (1) in Ti basket cathode (2) in the 
electrically insulated Y2O3 crucible (3) outside the cathode; adapted from Suzuki et al[109] 
 
The reduction experiments performed by Suzuki et al [9]demonstrated that alpha phase 
titanium with an oxygen concentration as low as 2000 weight ppm could be produced. The 
authors also suggested that the optimum parameters for the process required a calcium oxide 
content of 0.5 mol % in a calcium chloride bath to reach rapid equilibrium and a voltage 
below 3 V to prevent the decomposition of the molten calcium chloride. Overall it was 
suggested that to keep the process efficient there were three competing steps that had to be 
balanced when performing the OS process: - 
 
1. Thermochemical reduction of titanium dioxide 
2. Dissolution of calcium oxide 
3. Electrochemical decomposition of calcium oxide 
 
Balancing these three steps requires carefully control of the electrode potential and molten 
salt concentration but there are additional issues that need to be considered when operating 
the OS process. Carbon precipitation and impurity concentration in the final alpha phase 
titanium could limit the potential use of the OS process in industry. The regeneration of 
calcium from the by-product of calcium oxide is difficult to control because the temperatures 
that are used for the reduction are above the melting temperature of calcium (842°C[110] at 
1 atm), which allows a “metal fog” to form around the cathode. Consequently, this holds the 
electrode potential at a point that allows parasitic reactions to occur (Equations 2.23 and 2.24) 
that eventually neutralise the Ca
+
 ions and results in a carbon dust layer settling on top of the 
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molten salt. This reduces the current efficiency by 8-25 % and causes the formation of 
impurities such as calcium carbonate and calcium titanate.[20] 
 
           
               2.23 
          
              2.24 
 
The simultaneous reduction of metal oxides using calciothermic reduction combined with the 
electrolysis of the by-products to regenerate the reductant has been proposed for the reduction 
of radioactive elements [111], rare earth oxides [21] and, titanium oxides 
[8,9,109,112]. This sustained interested led Suzuki et al [9]to speculate that the 
reduction of titanium oxides could be performed in a dual reaction vessel shown in Figure 
2.21(a) however this duel vessel method has not been verified with experimental data because 
the parasitic reactions that occur tend to neutralise the formation of calcium. Currently the 
authors have performed their experiments in a unified vessel with the simultaneous reduction 
and electrolysis performed within the same cell, as shown in Figure 2.21 (b). 
 
 
Figure 2.21 - (a) Theoretical dual vessel OS Process (b) Experimental unified vessel for OS 
Process 
 
Comparison of these two emerging reduction processes, demonstrates that the FFC 
Cambridge and OS Process are similar and both use an electrochemical reaction to reduce 
titanium dioxide to alpha phase titanium. These processes will become more important in the 
future as they are exploited by industry and consequently begin to drive down the cost of 
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producing titanium and its alloys. Production of titanium sponge from its ore accounts for a 
significant proportion of the cost of titanium components but the processes involved in 
producing these components are equally important. Conventional liquid metal routes, such as 
casting to shape, are not feasible unless performed under vacuum or an inert atmosphere 
because of titanium’s high affinity for oxygen and nitrogen. As a result, producing titanium 
components relies heavily upon multi-stage thermomechanical processing. One method to 
reduce the costs of titanium components is to use powder metallurgy, therefore minimising 
the need for expensive machining but the production of titanium powder components comes 
with its own set of unique challenges.  
 
2.4.4 Powder Production 
 
Powder metallurgy allows the production of near-net shape components, which can be 
cheaper than the conventional ingot process when used for complex parts and avoids the 
segregation of elements in complex alloy compositions [113]. Despite these advantages, 
titanium components are not extensively produced using powder metallurgy due to issues 
with porosity and high interstitial element concentrations that have detrimental effects on the 
fatigue performance and mechanical properties of finished parts [114]. The production of 
titanium powders is split into two different processes; blended elemental (BE) and the pre-
alloyed (PA) method. Blended elemental powders are used to produce low cost parts that are 
used for static applications and have lower mechanical properties in comparison to pre-
alloyed powder compacts that have improved fracture toughness and fatigue strength due to a 
reduced porosity[3]. 
 
Blended elemental powders are formed by mixing a master alloy powder with either 
commercial purity titanium or titanium sponge fines. This process has been applied to 
multiple alloys including Ti-6Al-4V, Ti-6Al-4V-2Sn and Ti-10V-2Fe-3Al [115], but tends 
to be used for static components because there is a high residual chloride content left by the 
sponge fines that prevents the full consolidation of components. This increases the porosity 
and drastically affects the fatigue and mechanical performance [34,114]. Pre-alloyed 
powders in comparison use cast or wrought alloy material as the starting product to produce a 
powder with a low impurity content. The four most common powder production routes for 
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pre-alloyed powders are gas atomisation (GA), rotating electrode process (REP), plasma 
rotating electrode process (PREP) and the hydride dehydride (HDH) process 
 
Gas atomisation is used extensively in the production of superalloys for turbine discs [116] 
and relies upon the high pressure impingement of inert gas on a stream of molten material. 
When applied to titanium, the process developed by Crucible Materials Corporation uses 
vacuum induction skull melting in a water cooled copper crucible to produce molten titanium, 
which is directed through a ring of high pressured inert gas that disperses the stream into 
small droplets that solidify as they fall through the cooling tower. This process has been 
shown to limit the interstitial concentration to 800 wt. ppm oxygen, 150 wt. ppm carbon and 
100 ppm nitrogen [117,118] but the process is expensive due to the large induced current 
required to skull melt the initial material and keep it molten. Additionally gas atomisation has 
the disadvantage of occasionally producing hollow titanium powder that contains argon. This 
occurs because argon has zero solubility in titanium and can result in an increased porosity 
during sintering. 
  
The rotating electrode process, spins a titanium bar of a given alloy composition at 18,000 
rpm, in an inert gas environment and is melted using a tungsten arc or in the case of PREP 
process, a plasma arc. The molten titanium alloy is separated from the consumable electrode 
by the centrifugal force and solidifies into spheres during flight at a rate of 10
2
 – 103°C.s-1 
[119]. Powders produced by REP or PREP have low interstitial concentrations and have the 
additional benefit of producing regular spherical powder that allows it to flow easily and have 
a high packing density when under hot isostatic pressing (HIP’ed) 
 
The final pre-alloyed powder process that has been used to produce titanium powder is the 
hydride dehydride process. Most elemental metals form metal hydrides when exposed to 
hydrogen at high temperatures and pressures by the reversible reaction, shown in Equation 
2.25.  
 
 
Commercial purity titanium readily absorbs hydrogen above 400°C at 0.0681 atm pressure 
and diffuses quickly through the material, which embrittles it [120] and makes it easier to 
          2.25 
-63- 
 
pulverise into a powder. The titanium hydride is then heated in a vacuum environment to 
remove the hydrogen from the powder, producing an irregular shaped powder that can be 
cold isostatically pressed (CIP’ed). The HDH process is commonly used to produce 
commercial purity titanium powders, but has been applied to produce Ti-6Al-4V [121]. 
 
The use of the hydride dehyrdride process to produce titanium powder from an initial 
commercial purity titanium feedstock was then expanded to produce titanium powder from 
titanium dioxide using the metal hydride reduction (MHR) [122]. The process involves 
reacting titanium dioxide with calcium hydride at a temperature range between 1100-1200°C 
and produces spongy commercial purity titanium powder (Equation 2.26). 
 
                       2.26 
 
Metal hydride reduction produces titanium powder three times cheaper than the hydride 
dehydride process and can be adapted to produce powder alloys by adding additional metal 
oxides to the titanium dioxide when it is being reduced. This process has the additional 
benefit of producing powders with low residual chloride content because the reaction does 
not require intermediate products, such as titanium tetrachloride, which reduces porosity in 
the finished product. 
 
In summary, the production of titanium has improved in efficiency from the initial 
commercial process developed by Kroll, but the industry as a whole still depends on the 
reaction proposed in 1940 for reducing titanium dioxide and producing low oxygen titanium 
alloys. Consequently there have been various investigations into novel methods to reduce the 
cost of producing pure titanium and its associated alloys ranging from electrochemical to 
direct reduction methods. The development of the primary production routes has been equally 
matched by improvements to the secondary processing methods; powder metallurgy is 
reducing wastage and thought to be an optimum processing route for complex titanium 
components in the future. However, the effect that interstitial elements have on titanium’s 
mechanical properties limits their use, and until this issue is overcome, the use of powder 
metallurgy for producing titanium components will remain limited. If this issue is considered, 
as a similar problem to the removal of oxygen during the processing of commercial purity 
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titanium; some of the emerging processing methods described in this section could be used to 
lower the interstitial concentration in finished powder metallurgy products. 
 
2.5 Calciothermic Reduction 
2.5.1 Introduction 
 
Calciothermic reduction is a metallothermic process that uses calcium as a reagent to reduce 
metal oxides. The process has been used in industry to reduce rare earth and exotic oxides 
such as plutonium [15,18,21,123] but only began to be investigated as a cheap alternative 
to producing low oxygen titanium components when Niiyama et al [6]demonstrated that the 
process could be effective at lowering the oxygen concentration in niobium, zirconium and 
titanium shown by Equation 2.27. 
 
              2.27 
 
This process however was limited by the formation of the by-product calcium oxide that 
would remain trapped in the grain boundaries when the metallic powder sintered together 
because of the heat produced by the exothermic reaction. Performing the reaction in a molten 
flux of calcium chloride at 900°C was seen as an ideal method to circumvent this issue 
because of calcium oxides high solubility in calcium chloride, thereby removing the by-
product as it forms, shown in Figure 2.22. 
 
 
Figure 2.22 - Schematic of the calciothermic reduction mechanism on titanium powder in 
calcium chloride (a) calcium reacts with the interstitial oxygen (b) the by product calcium 
oxide forms around the titanium particle (c) calcium oxide dissolves into the molten flux 
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By using a molten flux containing calcium and calcium chloride Okabe et al [11] refined the 
process further to produce titanium with extra low interstitial oxygen concentrations (CO < 
100 wt. ppm) for application in the electronics industry. Although these initial studies 
highlighted the potential for calciothermic reduction to be used as a final treatment to control 
the oxygen concentration in titanium wire and sheet, further investigations focused on using 
the process to reduce titanium dioxide resulting in the OS Process. This section of the 
literature review will aim to understand the factors that affect calciothermic reduction and 
furthermore try to highlight how the process can be exploited to control the oxygen content in 
titanium alloys. 
 
2.5.2 Thermodynamics and Kinetics 
 
To understand the process of calciothermic reduction it is important to understand 
thermodynamically why reductants remove oxygen. By comparing the chemical potential of 
oxygen in the single phase Ti-O system and potential reductants [124], Figure 2.23 shows 
thermodynamically which reductants could be used to deoxidise titanium by evaluating the 
stability of the by-product oxides. The reduction potentials for magnesium, calcium and 
yttrium highlight their effectiveness at reducing the Ti-O system.  
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Figure 2.23 - Oxygen potential diagram showing the chemical potentials of competing 
reactions (solid lines indicate oxygen stoichiometry in titanium, dashed lines indicate 
reactants); adapted from Jacob et al [125] 
 
Magnesium, which is used in the Kroll process to reduce titanium tetrachloride, is only 
effective at reducing titanium to a minimum oxygen content of 35,809 wt. ppm at 
temperatures below 900°C, which would not be useful for lowering the interstitial oxygen 
concentration of titanium alloys. Furthermore up to 0.82 and 1.2 wt % of magnesium is 
soluble in alpha and beta titanium respectively, which would require further processing to 
remove the reductant from the finished product. Yttrium in comparison is a better reductant 
thermodynamically with a lower oxygen potential than magnesium and the ability to reduce 
the oxygen concentration in titanium to as low as 33 wt. ppm, whilst also having a limited 
solubility in titanium (0.02 wt% in alpha titanium [126]). However yttrium is not used for 
the reduction of titanium because of the slow kinetics and its high melting point of 1526°C. 
This melting temperature would result in the yttrium being in a solid state during the 
reduction of titanium, if standard processing temperatures for the production of titanium are 
used (800-1200°C). Using a solid reductant limits the contact area between reductant and the 
titanium surface, which greatly slows down the removal of oxygen and subsequently would 
require long process times to reduce the oxygen concentration to the low levels. 
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Calcium is thought to be a compromise between magnesium and yttrium as a reducing agent 
for oxygen in a titanium system. Thermodynamically it can reduce the oxygen concentration 
to 330 wt. ppm at temperatures below 827°C in alpha titanium, whilst kinetically it has a 
relatively low melting point making it feasible to use as a molten reducing agent. 
Additionally, the solubility of calcium in titanium is limited to 0.13 wt% at 1300°C [127], 
which limits the need for further refinement after reduction. The use of calcium as a reductant 
in the titanium-oxygen system has been shown to be thermodynamically feasible when 
considering the chemical potentials of oxygen, but it does not consider how the reaction is 
limited by the formation of the by-product calcium oxide [124]. 
 
If calcium oxide is not removed from the reduction system as it is formed, it will not only 
limit the effectiveness of the reaction by preventing calcium from binding to the titanium 
surface but it can facilitate the diffusion of oxygen into the previously deoxidised titanium. 
This suggests that Le Chatelier’s principle is in effect [128], where the internal system will 
react to oppose any external changes by shifting the point of equilibrium of the reaction, 
Equation 2.28. Therefore by considering calciothermic reduction to be a closed system where 
the reactants and the by-products are fixed, the equilibrium concentration of oxygen in the 
titanium system is set, in agreement with the chemical potentials of oxygen in Figure 2.23. 
 
   ( )    ( )     ( )    ( ) 2.28 
 
Okabe et al [129] considered the thermodynamic properties of oxygen in beta titanium using 
calciothermic reduction by assessing the free energy change of the formation of calcium 
oxide. In this study, the authors assumed that at equilibrium the partial pressure of the 
interstitial oxygen in titanium (Equation 2.29) was equal to the partial pressure of oxygen 
during the formation of calcium oxide given by Equation 2.30. 
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Using Equation 2.29 the free energy change of the dissolution of oxygen in titanium can be 
determined by comparing the standard free energy of formation of calcium oxide 
(Equation 2.31) to the chemical potential of oxygen in titanium (Equation 2.32) 
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where     is the partial pressure of oxygen given during Equation 2.30,  
  is 101325 Pa 
(1 atm), f0 is the Henrian activity coefficient of oxygen in titanium, R is the gas constant and 
T is the absolute temperature (K). By using      
  from JANAF thermochemical tables 
[124] Equation 2.33 can be modified to determine the interstitial oxygen concentration in 
beta titanium whilst it is in equilibrium with calcium and calcium oxide, shown in Equation 
2.34 
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However, by lowering the calcium oxide concentration in the system and therefore its 
activity, the equilibrium oxygen concentration can be lowered further as dictated by Le 
Chatelier’s principle and shown by the chemical potential in Figure 2.23 by the reductant line 
of calcium (aCaO = 0.1). The activity of calcium oxide can be lowered by dissolving it in a 
calcium halide flux, which lowers the equilibrium oxygen concentration in the titanium. 
Therefore      
  can be defined by the activities of the chemical components in Equation 
2.29 and then used to produce an activity quotient. 
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where aCaO and aCa are the activity of calcium oxide and calcium respectively and Q is the 
activity quotient for the formation of calcium oxide. Assuming the reaction continues to 
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equilibrium the activity quotient becomes numerically equal to the equilibrium constant K. 
Then by substituting Equation 2.36 back into the free energy change of the dissolution of 
oxygen in titanium (Equation 2.33) the equilibrium oxygen concentration in titanium can be 
determined by controlling the activities and temperature of calciothermic reduction, in 
Equation 2.37. 
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Suzuki et al [8] modified Equation 2.34 to take into account the effects of the chemical 
activities and suggested the final oxygen composition could be controlled by changing the 
molten flux that the reduction was performed in, defined by Equation 2.38 and displayed in 
Figure 2.24(a) 
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The activity of calcium is known to be a constant when it is saturated in calcium chloride (aCa 
= 0.995 ±0.004, when T = 1000°C [112]); therefore to have the greatest degree of control of 
the equilibrium oxygen concentration during calciothermic reduction will require the activity 
of calcium oxide to be manipulated. This can be influenced by the molten flux system and the 
amount of calcium chloride in the reaction; however Figure 2.24(b) only considers how the 
activity of each product is affected individually in the system and does not consider the 
effects of additional phases that could form due to the ternary phase system of Ca-CaO-CaCl2 
and how this will change the solubilities of calcium and calcium oxide. 
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Figure 2.24 – (a) Equilibrium oxygen concentration in titanium during calciothermic 
reduction, where r = aCaO/aCa; adapted from Suzuki et al [8] (b) Activities of calcium or 
calcium oxide in the Ca-CaCl2 or CaO-CaCl2 system at 1000°C, adapted from Song et al 
[65] 
 
2.5.2.1 Molten Flux Phase Systems 
2.5.2.1.1 Ca-CaCl2 Binary System 
 
The Ca-CaCl2 system is a relatively simple binary with the majority of studies focused on the 
calcium chloride rich region of the system, the whole phase diagram was only examined by 
Staffanson and Sichen [130] shown in Figure 2.25. There was a general agreement between 
various studies [130-132] that a eutectic reaction occurred at ~ 2 mol % of calcium at 
around 1042 K, with some variation of the eutectic temperature due to the methods used for 
analysing the temperature. The maximum solubility of calcium was determined to be 
2.95 mol % calcium at 1128 K by Dworkin [131]; Dosej et al [132] later confirmed by 
interpolating Staffanson’s data [130]. 
 
Dworkin [131] proposed that the high solubility of calcium in calcium chloride was caused 
by calcium chloride dissociating into Ca2
2+
 in equilibrium with Ca
2+
 and free electrons. This 
theory was expanded upon by Dosaj et al [132] who demonstrated that at calcium 
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concentrations below 0.1 mol %, the dissociation of calcium chloride produced valency 
electrons that are trapped in pairs (Equation 2.39), whilst at calcium concentrations greater 
than 0.5 mol %, the valency electrons are unpaired and increase proportionally with the 
calcium content (Equation 2.40).  
 
   
              2.39 
   
              2.40 
 
Figure 2.25 - Ca-CaCl2 binary phase diagram; adapted from Shaw and Watson [133] 
 
The change in the type of valency of electrons is important in electrochemical processes such 
as the FFC Cambridge process because the change in valency electrons from trapped pairs to 
unpaired electrons results in a rate change of the specific conductivity of the molten flux, 
which will affect the efficiency of the reduction process. This effect is negligible for 
metallothermic reduction processes such as calciothermic reduction because the reaction is 
not driven by an electrolytic cell. 
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2.5.2.1.2 CaO-CaCl2 Binary System 
 
The CaO-CaCl2 binary system has been extensively studied but there have been conflicting 
opinions over the phases that form. The determination of the most widely cited phase 
diagram for the CaO-CaCl2 system by Wenz et al [134] involved heating a salt mixture of 
calcium chloride, calcium fluoride and calcium oxide to 100°C above the melting 
temperature of the system and then measuring the thermal arrests as the system cooled. This 
method predicted a eutectic point at 6.5 mol % of CaO at 1023 K where the liquid 
transformed into a solid solution calcium chloride and calcium oxide (L →2CaCl2.CaO + 
CaCl2) and a peritectic at 16.0 mol % of CaO at 1108 K where L → L +2CaCl2.CaO as 
shown in Figure 2.26 (a). This binary phase diagram is widely popular because of its 
simplicity but it contrasts with several other studies. 
 
Neumann et al [135] proposed the first binary phase diagram for CaO-CaCl2 shown in 
Figure 2.26(b) where a simple eutectic was proposed at 6.0 mol % CaO at 1022 K and 
21 mol % at 1073 K. This contradicts the findings by Wenz [134] who did not detect such a 
transition point however the study by Neumann is not without flaw because an additional 
phase (CaO.4CaCl2) was identified at 976 K, which has not been detected by any subsequent 
investigations. 
 
The most recent investigation of the phase diagram performed by Perry et al [15] produced 
a phase diagram similar to Neumann’s study, detecting a eutectic point at 5.0 and 21.0 mol % 
CaO at 1020 K and 1120 K respectively. This study also determined the compound 
4CaCl2.CaO at 20 mol % CaO with a melting point of 1113 K, which corresponds with 
Neumann’s study that identified the compound as 2CaCl2.CaO at 20 mol % at 1112 K. 
Overall, the differences between these two investigations, barring the unidentified phase 
change suggested by Neumann at 967 K, are temperature variations which Perry’s study 
acknowledged to have a variability of ± 6-9 K caused by the thermal analysis equipment. 
With conflicting opinions on some of the phases that form there is a need for further work to 
clarify the binary system but for the purpose of examining the Ca-CaO-CaCl2 system most 
researchers have assumed that a eutectic reaction occurs at 6 mol % CaO at 1023 K and that 
the solubility limit of CaO in CaCl2 is between 18.5-25 mol % depending on the temperature. 
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Figure 2.26 - Comparison of the CaO-CaCl2 binary phase diagram (a) Wenz et al [134] (b) 
Neumann et al [135] (c) Perry et al [15] 
2.5.2.1.3  Ca-CaO-CaCl2 Ternary System 
 
Even though the binary systems of Ca-CaO, Ca-CaCl2, CaO-CaCl2 are well understood, the 
ternary system Ca-CaO-CaCl2 has not been studied extensively due to its lack of industrial 
application, even though the similar system Ca-CaO-CaF2 has been investigated because of 
its application in the reprocessing of nuclear reactor fuel [134]. The research on this ternary 
system has focused on calcium chloride rich compositions, where Axler et al [136] 
demonstrated that calcium solubility decreased proportionally with the calcium oxide 
concentration. When this experimental data was compared to the calculated solubilities of 
calcium in the molten flux, it was found to underestimate the values at low concentrations of 
calcium oxide shown in Figure 2.27(a). Additionally, it was shown that the time required for 
the molten flux to reach equilibrium increased as the calcium oxide concentration increased. 
For high concentrations of calcium oxide, it took over 24 hours for the calcium oxide to 
dissolve into the calcium chloride flux, which is an area for concern because the activity of 
calcium oxide will remain at a maximum until it has sufficiently dissolved into the calcium 
chloride flux and this will limit the equilibrium oxygen concentration in the titanium 
component according to Equation 2.38. 
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Figure 2.27- (a) Solubility of calcium and calcium oxide in calcium chloride (b) Isothermal 
section of the ternary Ca-CaO-CaCl2 phase diagram at 1000°C [54] 
 
By calculating the Ca-CaO-CaCl2 phase diagram, the molten flux composition that needs to 
be maintained during calciothermic reduction to ensure the lowest equilibrium oxygen 
concentration in titanium can be identified. Figure 2.27(b) highlights this region at the high 
calcium chloride concentration end of the ternary phase diagram. This region is thought to be 
optimised for the deoxidation of titanium components because the salt concentration keeps 
the calcium oxide activity below 0.991 whilst maintaining a maximum calcium activity of 
0.995. 
 
2.5.3 Optimisation of calciothermic reduction 
 
By understanding the thermodynamics and kinetics that affect the process of calciothermic 
reduction it becomes possible to tailor the process to production needs by optimising the 
operating parameters. The parameters that can be easily controlled when using calciothermic 
reduction to lower the interstitial oxygen concentration in titanium are: - 
1. Starting salt concentration 
2. Temperature 
3. Time 
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The effect of the equilibrium molten flux composition on the deoxidation of titanium during 
calciothermic reduction has been discussed extensively in Section 2.5.2 but it does not 
consider how the starting salt composition affects the overall process. Suzuki et al [8] 
showed that varying the starting calcium to calcium chloride concentration affected the 
efficiency of the reduction process. Figure 2.28 shows that there is a marked reduction of 
oxygen in the titanium sample when the calcium concentration was below its maximum 
solubility in calcium chloride. This agrees with the thermodynamic theory where the 
difference between the activity of calcium oxide and calcium is greatest when the salt 
composition has less calcium than the saturated concentration [137]. Additionally because 
calcium and calcium chloride have large differences in density (1.35 and 2.01 x 10
3
 kg/m³, 
respectively [110]) the use of molten flux compositions below the saturation concentration 
of calcium improves the movement of the reductant to the titanium component because it 
prevents calcium and calcium chloride separating into individual layers, which would reduce 
the efficiency of the deoxidation process due to the evaporation of calcium [138]. When the 
salt composition is above the saturation concentration of calcium, its effect on the maximum 
deoxidation of titanium are debatable due to the variability of the oxygen removed from the 
grade 2 powder during calciothermic reduction. 
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Figure 2.28 - Equilibrum oxygen concentration in Ti wire after 1hr at 950°C in varying 
molten flux compositions 
 
Temperature affects the thermodynamics and kinetics of the calciothermic reduction, which 
makes the optimisation of this parameter important. From the thermodynamic perspective, 
calciothermic reduction becomes more effective as the processing temperature decreases 
because it lowers the chemical potential of oxygen for the formation of calcium oxide (Figure 
2.23). However, this comes at the expense of the kinetics by decreasing the diffusivity of 
oxygen in titanium, which results in it taking longer for equilibrium to be reached. This issue 
is highlighted by S-M Han et al [137]who deoxidised commercial purity titanium for 12 
hours, which was thought to be the time required for equilibrium, at a variety of temperatures 
between 900-1400°C. The interstitial oxygen concentration in titanium decreased with 
temperature until 1100°C; at temperatures below this the interstitial oxygen concentration 
began to increase as shown in Figure 2.29. This is thought to occur because it is taking longer 
for equilibrium to be reached due to a decreasing diffusivity of oxygen, but this assumption 
cannot be confirmed because the authors of the study have not stated the dimensions of their 
titanium specimens. 
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Figure 2.29 - Effect of temperature on the deoxidation of beta titanium, adapted from S-M. 
Han et al [137] 
 
So far all the theories for calciothermic reduction have relied upon equilibrium being 
reached; however in industrial applications this is not always viable or even necessary. 
Barring the electronic industry, titanium components with extremely low oxygen 
concentrations are rarely used due to the vast decrease in their mechanical strength. 
Therefore, the amount of time that the specimen spends at the reduction temperature can be 
managed to control the interstitial oxygen concentration in the titanium component. When 
optimising the process time, the amount of oxygen removed is dictated by the kinetics of 
diffusion rather than the thermodynamics, which is an important consideration and one that 
has not been studied. 
 
Like any thermochemical process the reactants used in calciothermic reduction leave 
impurity elements in the finished product. It has been shown in studies [16,112] that 
immersing the metal oxides in the molten flux during calciothermic reduction covered the 
surface of the finished products with a thin black film that had a carbon concentration in 
excess of 1300 weight ppm. The surface film could not be identified by X-ray diffraction 
analysis but it is proposed that any carbon impurities in the molten flux would diffuse into the 
titanium component. As well as contaminating the finished product with a high carbon 
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concentration, it is thought that the carbon surface layer reduces the effectiveness of the 
diffusion of oxygen. 
 
The carbon film is easily removed by a chemical bath of hydrofluoric and nitric acid but this 
problem can be circumvented by not immersing the components in the molten flux during 
calciothermic reduction. Suzuki et al [112] demonstrated that when calcium was supplied as 
a vapour into the reaction vessel there was no carbon contamination in the titanium sample. 
The use of calcium vapour to deoxidise titanium samples can be effective because of its high 
vapour pressure. One process that suggested using calcium vapour as a reducing agent was 
the preform reduction process (PRP) [13] that reduced preform feeds of titanium dioxide 
and calcium chloride. This investigation highlighted that it was possible to produce titanium 
powder without carbon contamination but it presented new problems such as the development 
of calcium titanate (CaTiO3) and other unwanted phases that reduced the effectiveness of the 
reduction process. 
 
In conclusion, it has been shown that calciothermic reduction can be used to reduce metal 
oxides and lower the interstitial oxygen content in commercial purity titanium but it has been 
overlooked as a useful production route for controlling the interstitial elements in titanium 
alloys. This process would be of particular interest for the titanium powder metallurgy 
industry because it could be used to lower the interstitial element concentration in finished 
components to industrially acceptable standards.  
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Chapter 3 Experimental Techniques 
3.1 Introduction 
 
This chapter summarises the experimental techniques and characterisation methods that were 
utilised in this research. The processing of the sintered powder metallurgy Ti-6Al-4V and 
details of the method used to deoxidise the samples are explained. A variety of 
characterisation techniques used to examine the material in Chapters 4-6 including light and 
scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), X-ray 
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), secondary ion mass 
spectrometry (SIMS) and mechanical testing are detailed. 
 
3.2 Manufacturing Process 
3.2.1 Production of Powder Metallurgy Ti-6Al-4V 
 
The Ti-6Al-4V specimens used for testing in this study were produced via metal injection 
moulding (MIM) by CI-ESSE, Italy. Inert gas atomised Ti 6Al-4V powder with a particle size 
less than 45 μm was combined with an organic binder and injection moulded into cylindrical 
rods with a diameter of 10 mm and a length of 75 mm. After this initial moulding, the parts 
were washed in a solvent followed by heating in a controlled atmosphere to remove the 
organic binder from the sample. The samples were then sintered at 1200°C for 4 hours taking 
the density to 95%. The resulting rods were cut into varying thicknesses using a Struers 
Accutom-5, with a 0.5 mm silicon carbide wheel at 3000 rpm, water cooling and a feed speed 
of 0.005 mm/s to ensure there was limited localised oxygen pickup at the surface of the 
samples [139]. Calciothermic reduction experiments were performed after sintering, as 
shown in Figure 3.1 
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Figure 3.1 - Process flow diagram of the processing route for metal injection moulded Ti-
6Al-4V specimens 
 
The chemical compositions of the Ti-6Al-4V metal injection moulded samples prior to 
calciothermic reduction were analysed using inert gas fusion and are given in Table 3.1. It is 
important to note that the interstitial oxygen concentration is greater than the industrially 
accepted standard for Grade 5 Ti-6Al-4V, which is a maximum oxygen concentration of 2000 
wt.ppm [140]. 
 
Table 3.1 – Chemical composition of sintered metal injection moulded Ti-6Al-4V rods 
Element H C N O Fe Al V Ti 
 ppm ppm ppm ppm ppm Wt % Wt % Wt % 
Ti-6Al-
4V 
13 190 150 2400 300 6.00 4.02 Bal. 
 
3.2.2 Vessel Manufacturing 
 
The reaction vessels were machined by CI-ESSE from commercially pure titanium to the 
dimensions shown in Appendix A.  
 
Calcium chloride (CaCl2) with a quoted purity of 97% from Sigma-Aldrich Ltd was used for 
all the experiments and was dehydrated in a separate container at 200°C for 16 hours prior to 
being put in the reaction vessel. Once the calcium chloride is poured into the reaction vessel, 
this is then dehydrated again in the furnace at 200°C for an additional 16 hours to ensure the 
vessel was dry. Afterwards, the Ti-6Al-4V specimens were then placed in the reaction vessel 
with 99% purity calcium (Sigma-Aldrich Ltd) ensuring a 20 mm gap between the reactants 
and the lid of the reaction vessel. The reaction vessels were sealed with an air atmosphere 
inside (10
5
 Pa) using Tungsten Inert Gas (TIG) welding which heated the can to further 
reduce the amount of water vapour sealed in the environment. 
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Welding the lids to the reaction vessel was performed using an inert gas of pureshield argon 
(99.995% purity) flowing at a rate of 10 ltr/min, with a DC current of 70 A. The lid was 
initially tack welded to the can, as shown in Figure 3.2(a) to prevent any warping when the 
can was sealed. Figure 3.2(b) shows that after tacking the lid, the reaction vessel was placed 
on a turntable rotating at 5 mm/s and the welding tip held in a static position to seal the lid to 
the vessel. 
 
3.2.3 Argon Backfilling of Vessel 
 
Argon was backfilled into the vessel during the welding process to provide an inert gas 
environment for the reaction (Chapter 5) and this involved using a slightly modified lid 
shown in Appendix B. Following the procedure from Section 3.2.2, once the lid was welded 
to the can, the  pureshield argon supply (99.995% purity) was connected to the inlet of the lid 
at a flow rate of 5 ltr/min for 10 minutes, Figure 3.2c). The argon flow was passed over silica 
gel absorb any moisture in the argon supply. Argon is denser (1.78 g/ltr) than air (1.2 g/ltr) at 
sea level; subsequently, this causes the argon to displace the air from the reaction vessel via 
the exhaust. After the required time, the inlet and exhaust were covered with commercially 
pure titanium pieces and immediately sealed using TIG welding.  
 
3.2.4 Deoxidation  
 
A dwell and cool cycle was used for deoxidation with the dwell time, final temperature and 
cooling rate all subject to change. The furnace was overheated to 30°C above the intended 
dwell temperature before the reaction vessel was placed in the furnace. The overheating 
temperature was used to take into account the temperature loss that occurs when the reaction 
vessel is placed into the furnace. The temperature in the furnace was then lowered to the 
experimental temperature and the dwell time began. Further details are discussed in Chapter 
5. 
 
Once the reaction vessel had been allowed to cool in the furnace, which is discussed in more 
detail later in Section 5.2, the vessel was machined open and continuous flowing water was 
passed through the vessel for two hours to remove the solidified chemical flux remaining 
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from the experiment, until the sample could be removed. The sample was then cleaned in an 
ultrasonic water bath for 20 minutes to remove any by-products that remained. A time 
temperature plot of the MIM and calciothermic deoxidation process is shown in Figure 3.3 
 
 
Figure 3.2 - Process for sealing CP Ti reaction vessels for calciothermic reduction (a) Initial 
tack weld to attach lid to the vessel and prevent warping (b) welding of lid to the can using 
the turntable (c) argon gas pumped into the reaction vessel (d) welding the exhaust and then 
inlet shut after argon backfilling 
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Figure 3.3 – Time-temperature thermal profile (a) MIM process (b) Calciothermic reduction 
3.3 Characterisation 
3.3.1 Preparation and Metallography 
 
Each sample was cut into multiple pieces according to Figure 3.4 with a feed rate of 
0.005 mm/s at 3000 rpm using a 0.5 mm silicon carbide blade. These specimens were used 
for their respective characterisation methods. Samples for optical microscopy, secondary 
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electron microscopy and secondary ion mass spectrometry were then ground and polished to 
produce a smooth surface for the surface analysis, which is discussed in detail later. 
 
 
Figure 3.4 - Specimen cutting schematic 
 
The samples for metallographic analysis were mounted in an edge-retaining bakelite, 
DuroFast, provided by Struers. They were mechanically ground using Struers Rotopol and 
Rotoforce system with 500, 800 and 1200 grit silicon carbide paper for 1, 2 and 5 minutes 
respectively whilst being lubricated with water. The samples were then fine ground using a 
Struers MD-Largo surface for 10 minutes with 3 μm diamond paste before fine polishing 
using a MD-Chem surface and 0.25 µm colloidal silica solution of 30% OP-S and 70% water 
for 15 minutes. After polishing for optical imaging the samples were etched using Kroll’s 
reagent; 2 vol% hydrofluoric acid (HF), 6 vol% nitric acid (HNO3) and 92 vol% water for 5-
10 seconds. All micrographs were taken using an Olympus BX51 optical microscope. 
 
3.3.2 Chemical Analysis 
3.3.2.1 Electron Microscopy 
 
Secondary electron images were obtained using a LEO Field Emission Gun Scanning 
Electron Microscope (FEG-SEM) operating at 5 kV. Energy dispersive x-ray spectra were 
obtained using a JEOL Scanning Electron Microscope (JEOL 6400) at 20 kV with a probe 
size of 3x10
-9
 m at a working distance of 15 mm and were normalised with a piece of pure 
cobalt. Each spectrum was collected using a stationary beam for 180 seconds with a dead 
time of ~30 ± 10%, the collection time was optimised to maximise the signal intensity whilst 
limiting the build-up of a carbonaceous contamination film on the sample surface [141]. 
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3.3.2.2 X-Ray Diffraction 
 
XRD analysis was performed using a X’Pert Pro X-ray diffractometer that produced 
monochromatic X-rays from a copper source (λ = 1.540598 Ǻ) accelerated to 40 kV and 
40 mA. Specimens were examined between the 2θ range of 30-80° using a step size of 0.03°. 
Calibration of the diffractometer was performed using a polycrystalline silicon standard. 
 
The XRD patterns produced rely on constructive and destructive interference of the X-rays 
that have interacted with the atomic planes in the crystal structure. This phenomenon was 
described by Bragg [142]who demonstrated that constructive interference only occurs in 
specific planes and angles of incidence that observe the law, shown in Equation 3.1: 
 
           3.1 
 
Where λ is the wavelength of the X-rays, n is an integer, d is the interplanar spacing and θ is 
the angle of incidence. Therefore in a random orientated texture, diffraction peaks are 
observed at angles where the correct crystal structure orientation satisfies the condition. 
Subsequently the lattice parameter of the crystal structure can change due to a compositional 
variation; therefore a change of concentration of the interstitial or substitutional elements will 
be detected by an increase or decrease of the 2θ angle, depending on the atomic radii of the 
element. 
 
When examining a face centred cubic crystal structure the lattice parameter of the crystal 
structure is proportional to the plane spacing (Equation 3.2); therefore the change in the 
measured plane spacing can be used to determine the lattice parameter. However, the 
accuracy of the measured plane spacing is limited by the accuracy of the measured peak 
position and therefore the Bragg angle (2θ).  
 
   
 
√        
 3.2 
 
The peak of the diffraction pattern were fitted using a Voigt function profile and the peak 
position measured with the aid of Wavemetrics IGOR Pro, as shown in a plot of intensity 
versus 2θ in Figure 3.5. The Voigt function used is a convolution of the Gaussian and the 
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Lorentzian function that uses a shape parameter to adjust the relative contribution of the two. 
This function is generally used in X-ray diffraction investigations because it has been shown 
to be an accurate peak fitting function [143]. 
 
 
Figure 3.5 – Intensity vs 2θ for sintered MIM Ti-6Al-4V showing fitted Voigt peaks. The 
peak fitting was performed in Wavemetrics IGOR Pro 
 
The measured peak positions can be affected by a variety of common systematic errors that 
include the misalignment of the diffractometer and the displacement of the sample surface 
from the diffractometer axis. To limit the effect of these possible errors a method of 
extrapolation is used to obtain the lattice parameter with the smallest error. The 2θ values for 
the peak positions were converted into d-spacings using Equation 3.2 and then by 
extrapolating the Nelson-Riley function against the lattice parameter for the cubic planes 
(111), (200), (220), (311) and (222) a lattice parameter for cubic structures with limited error 
was quantified[144], which is detailed in Appendix C.  
 
When determining the lattice parameters of a hexagonal structure, Cohen’s method [145] 
was used because linear extrapolation cannot be used to determine two lattice parameters, this 
is expanded upon in Appendix C. The advantage of using Cohen’s method for non cubic 
structures means the main cause of error for the lattice parameters is associated with the 
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precision of the curve fitting rather than the standard deviation of the linear regression 
associated with Nelson-Riley method. 
3.3.2.3 X-Ray Photoelectron Spectroscopy 
 
Chemical analysis of the surfaces was performed using a Kratos Axis Nova instrument with a 
charge neutraliser at the University of Manchester. The instrument used a monochromatic 
aluminium X-ray source with a delay line detector. Spectra were measured between the 
binding energy ranges of 0-1000 eV with a pass energy of 80 eV and a vacuum chamber 
pressure of 2.6 x 10
-11
 Bar, following the procedure determined by Walton et al [146]. The 
spectra were fitted using CasaXPS where the background noise was removed using the 
“Shirley” function, as shown in Figure 3.6, and the spectrum was calibrated using the C-1s 
peak measured to be 285 eV. The peak position and intensity were measured at the full width 
half maximum for the Ti 2p, O 1s, N 1s peaks in the binding energy ranges of 452-468 eV, 
528-537 eV, 394-402 eV and 283-287 eV respectively. 
 
 
Figure 3.6 - XPS data fitting in CasaXPS (a) before background removal (b) after Shirley 
background removal 
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3.3.3 Mechanical Testing 
3.3.3.1 Wear testing 
 
The tribological properties of the specimens were investigated using a High Frequency 
Reciprocating Rig (HFRR) manufactured by PCS Instruments UK. In this test the coefficient 
of friction, temperature and electrical conductivity from a reciprocating contact and the 
specimen were measured. The reciprocating contact was a mild steel alloy ball, AMOS E-
52100, with a diameter of 6 mm and a surface finish of less than 0.05 μm Ra. Each test 
specimen was machined to a 3 mm thickness with a 10 mm diameter and was cleaned for 20 
minutes in an ultrasonic bath of toluene followed by a similar bath of isopropanol. The 
specimens were tested with the conditions stated in Table 3.2. 
 
Table 3.2 – Test conditions for HFRR rig 
Normal force 1 N 
Initial Hertzian contact pressure 0.95 GPa 
Fretting stroke 1000 μm 
Frequency 25 Hz 
Test duration 30 mins 
Temperature 37°C 
 
3.3.3.2 Surface roughness measurements 
 
The depth of the wear scars and the surface roughness of the specimens were measured using 
the Zygo NewView 200 white-light coherence interferometer. The specimens were primary 
cleaned in an ultrasonic bath of water for 20 minutes to ensure any contaminants or loose 
particles were removed before measuring. The samples were measured using a x 10 
magnification, an image zoom of x 2, a minimum modulation of 1%, a scan length of 40 μm 
and the camera resolution set to 640 x480 with data taken at 6 Hz. 
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3.4 Interstitial Analysis  
3.4.1 Inert Gas Fusion 
 
The bulk concentration of interstitial elements that include nitrogen and oxygen were 
identified using inert gas fusion, which is a destructive evaluation process performed by 
IncoTest UK. This was performed by a LECO TC436-Series controller where the sample is 
placed in a high purity graphite crucible and heated under a flowing helium gas stream at 
temperatures great enough to release oxygen, nitrogen and hydrogen. The oxygen in the 
sample combines with the carbon from the graphite crucible to form either carbon monoxide 
or carbon dioxide, which the helium gas stream then carries through to an infrared absorption 
module, these gases are detected by the infrared absorption module and give an accurate 
measurement of the amount of oxygen in the sample [147]. The error associated with the 
values is dependent on the element and the concentration range as shown in Table 3.3 
 
Table 3.3 - Uncertainty of chemical concentration via inert gas fusion 
Interstitial Element Concentration Range 
 (wt. ppm) 
Concentration Error 
 (wt. ppm) 
Oxygen < 1000 ± 50 
 1000 - 2000 ± 100 
Nitrogen <1000 ±10 
 1000 - 2000 ± 20 
Hydrogen < 50 ± 5 
 
Since calciothermic reduction is thought to be a diffusion related process, the concentration 
of the interstitial elements will vary from the surface to the centre of the sample; therefore, 
knowledge of the position and size of the test piece taken from deoxidised samples is 
important in obtaining credible results. The position and size of the samples stated in Section 
3.3.1 were selected so that only radial diffusion of interstitial elements is taken into account. 
In addition the whole disc was used for each test to average the effect of the diffusion 
concentration profile that forms throughout the sample disc. 
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3.4.2 Secondary Ion Mass Spectrometry 
 
Focused Ion Beam Secondary-Ion Mass Spectrometry (FIB SIMS) is a destructive 
characterisation method that uses ionised particles to sputter secondary ions from the material 
being examined. The main advantages of SIMS include its sensitivity to small concentration 
changes, in the magnitude of weight parts per billion (ppb) dependent on the ion species and 
the matrix and a lateral resolution in the order of nanometres, although the accuracy of one of 
these parameters comes at the expense of the other [148]. As well as the sensitivity of the 
instrument it also has the ability to perform in-situ analysis of a material as it is ion milled. 
Consequently SIMS technology was initially seized by the semiconductor industry for the 
basic development of devices and process development however with the continued 
shrinkage of electronics in accordance with Moore’s Law [149] the whole field of SIMS 
including methods and instrumentation have developed to meet modern challenges in this 
industry. The wide range of methodologies developed in response to these challenges has 
caused the technique to be used in a wide range of fields from biological [150] to 
metallurgical [151]. 
 
The uses of FIB-SIMS in metallurgy have mainly focused on corrosion [152-154] or 
thermally grown oxide (TGO) layers [155-157]. The technology’s ability to ion mill 
samples whilst performing in-situ ion mass spectrometry has been used for a variety of 
approaches including depth profiling, cross section chemical maps and high resolution 
imaging. These techniques have been used to assess the mass transport mechanisms of 
oxygen through metal alloys and oxygen [158] and recently been used to identify 
concentration profiles of interstitial elements through metal matrices [139,159]. 
 
3.4.2.1 Ion-Solid Interactions  
FIB technology operates on the principal of producing a finely focused beam using an ion 
source such as caesium or gallium. These primary beam sources are produced using a liquid 
metal ion source (LMIS) where an accelerating voltage is applied to a tungsten tip wetted 
with liquid metal. The liquid metal is drawn into a Taylor cone when a high electric field is 
applied, which evaporates the liquid metal into ions without thermal activation, when the 
accelerating voltage is reached. Gallium is used as the liquid metal source due to its low 
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melting point (29.8°C) and the formation of heavy Ga
+
 ions that efficiently sputter most solid 
surfaces [160].  
 
The interaction between the specimen and the primary beam of Ga
+
 is quantitatively 
described by the collision cascade model where the high energy ion impacts the specimen 
atoms in a series of collisions. The initial collision transfers the kinetic energy of the ion to an 
atom in the specimen, which generates many secondary electrons that are used for imaging 
the surface sample. The impacted specimen atom is then displaced and causes further atomic 
displacements resulting in a small fraction of the atoms being sputtered from sample. This 
process is used directly to micro-machine the specimen via the sputtering of matrix atoms 
from the surface and can be additionally used for chemical identification by measuring the 
sputtered ions by mass spectrometry. 
 
 
Figure 3.7 - Schematic illustration of collision cascade caused by the primary ion beam 
 
Not all sputtered particles from the specimen are ionised, therefore the efficiency of the 
primary ion beam to produce ions is referred to as the ionisation yield. The ionisation yield 
depends on a multitude of factors including the chemical activity of the specimen, the 
incident angle and chemical composition of the matrix. However the most important effects 
on the ionisation yield are the electron affinities and ionisation potentials for negative and 
positive ions respectively. The ionisation yield has been shown in many studies [161] to 
decrease with the ionisation potential and increase with the electron affinity, displayed in 
Figure 3.8 and Figure 3.9. The correlations are not linear because the sputter yield of the ions 
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can be directly affected by the matrix, the primary ion beam used and can even be enhanced 
by other elements such as oxygen [162].  
 
 
Figure 3.8 - Ion yield of positive ions against ionisation potential relative to silicon in a 
silicon matrix using an oxygen beam, adapted from Fleming [161] 
 
 
Figure 3.9 - Ion yield of negative ions against electron affinity relative to silicon from a 
silicon matrix using an oxygen beam, adapted from Fleming [161] 
 
Secondary ion mass spectrums are analysed using a FEI- FIB 200 equipped with an Extrel 
quadrupole secondary ion mass spectrometer. The primary ion beam used was a focused Ga
+
 
ion beam accelerated to +30 keV with a beam current of 5 nA in a vacuum (< 5 x 10
-7
 mbar). 
This was used to mill 25 x 25 µm craters to a depth of 5 µm, whilst performing a continuous 
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mass spectrum scan 10-40 atomic mass units (amu) for negative ions or 20-70 amu for 
positive ions, as shown in Figure 3.10(a).  
 
The spectrum produced is an average of multiple scans therefore a change of the chemical 
composition during the milling time will not be reflected. A depth profile can complement a 
mass spectrum by measuring the intensity of selected secondary ions against sputtering time, 
shown in Figure 3.10 (b). Depth profiles were performed using similar instrument parameters 
to the mass spectra and were used to mill 25 x 25 µm craters to a depth of 5 µm, the ions 
examined are discussed in more detail in Chapter 4. 
 
 
Figure 3.10 - (a) Secondary ion mass spectrum (b) secondary ion depth profile of MIM Ti-
6Al-4V 
 
To effectively use FIB-SIMS to measure an interstitial concentration profile for oxygen and 
nitrogen, the background noise and residual gas in the vacuum chamber are normalised by 
sputtering craters with similar dimensions into a single crystal silicon wafer. The interstitial 
oxygen concentration in silicon is negligible therefore, the measurement of 
16
O
-
 and 
26
CN
-
secondary ions will only result from the residual oxygen remaining in the chamber. This 
produces a baseline for those species arising from the instrument to subtract from the sample 
data to allow quantification of the measurements, which is discussed in more detail in the 
next chapter. 
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3.4.2.2 Cross Section FIB Imaging 
Focused ion beam instruments are extremely versatile when used for imaging, having the 
ability to ion mill cross sections of oxides or surface layers that would normally be damaged 
during standard preparation methods. For the samples, initial ion milling was performed with 
a primary Ga
+
 beam accelerated to +30 keV with a current of 5 nA to mill the cross-section 
through the surface layer and produce a flat face normal to the sample surface. The sample 
was then tilted to an angle of 45° and the initial pre-polished cross section was fine polished 
with a beam current of 10 pA to remove 0.25 – 0.5 μm of the material revealing the through 
thickness microstructure of the surface layer. 
 
 
 
Figure 3.11 – (a) Pre-ion polish (b) Post-ion polish imaging of cross section of 8 hrs 16 mol% 
Ca/CaCl2 calciothermic reduced specimen 
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Chapter 4 Measurement of interstitial concentration 
profiles using FIB-SIMS 
4.1 Introduction 
 
The measurement of interstitial elements in titanium alloys was highlighted in Section 3.4 as 
an area of difficulty, particularly when quantifying concentration profiles within an alloy 
system. This measurement and quantification of interstitial elements will be of importance 
when studying calciothermic reduction because the movement of oxygen and other interstitial 
elements is yet to be understood. As a result, a methodology for measuring and quantifying 
interstitial concentration profiles in titanium alloys, whilst highlighting the limitations of the 
technique and its effective sensitivity will be discussed in this chapter. 
 
The current techniques that measure interstitial concentrations, provide either the bulk 
content, which is an average value for the entire sample or a position specific concentration 
that can be used to build a concentration profile throughout a sample. Inert gas fusion is one 
method used for determining the bulk interstitial element concentration of a sample and is 
commonly used because the measurements are readily repeatable and can be easily calibrated 
with reference materials. This method can quantify the concentration of elements to an 
accuracy as low as 50 wt. ppm [147], however the technique is destructive and consumes 
the entire specimen during testing. This method also does not provide any information 
regarding the concentration gradients within the specimen, which limits it to measuring the 
bulk interstitial content for alloys. 
 
Microhardness testing is traditionally used to determine oxygen concentration gradients in 
titanium alloys [163,164] because of the proportional increase of hardness with the 
interstitial concentration. This is caused by an increase of the c/a ratio that occurs as oxygen 
atoms occupy the octahedral sites in the hexagonal close packed structure of alpha-titanium 
[165]. The increase of the c/a ratio restricts the number of slip planes, resulting in increased 
hardness and strength. However, the variation of hardness is not solely affected by oxygen; 
nitrogen and carbon act as solid solution strengtheners in a similar manner limiting the 
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probability that the increased hardness is directly attributed to oxygen, as discussed in Section 
2.3.1. 
 
As well as additional elements in the alloy system, orientation and thermomechanical 
processing can affect the microhardness. The hexagonal close packed structure in alpha 
titanium causes anisotropic mechanical behaviour, which results in microhardness values that 
are significantly influenced by the crystallographic orientation of the grain with respect to the 
direction of loading [166]. Cold working processes such as shot peening cause either 
localised increases in the dislocation density or mechanical twin boundaries that inhibit 
dislocation glide [167]. Furthermore, such features can provide additional diffusional 
pathways for O2 and N2. With these limitations, the utilisation of microhardness to measure 
interstitial oxygen concentration gradients is restricted to titanium alloys that have not 
undergone thermomechanical processing. In summary, accurate measurements of oxygen 
levels in titanium alloys are challenging owing to mechanically induced plastic deformation, 
crystallographic texture and the presence of other interstitial elements. As a result, a more 
versatile analytical technique needs to be developed to investigate interstitial element 
concentration profiles. 
 
As discussed in Section 3.4.2, FIB-SIMS has been used in metallurgical systems to examine 
thermally grown oxide (TGO) layers and assess the mass transport of oxygen through an 
alloy. This technique has advantages over other methods because of its sensitivity of 
measurements of interstitial elements [141], which makes it employable for assessing 
concentration profiles in titanium alloys. However, the effectiveness of measuring and 
quantifying impurity elements can be limited by the “matrix effect” that changes the 
sensitivity of measuring a specific ion in different matrices [168,169]. This is of particular 
importantance for allotropic titanium because of the crystal structure and chemical 
differences between alpha and beta titanium grains [170]. With a range of factors that could 
affect the measurement of interstitial elements in titanium alloys using FIB-SIMS, the 
technique needs to be thoroughly evaluated. The effectiveness of using FIB-SIMS to measure 
and quantify interstitial concentration profiles in titanium will be investigated in this chapter. 
4.2 Measurement of interstitial element profiles 
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Before attempting to measure interstitial concentration profiles in Ti-6Al-4V, it was 
important to ascertain which interstitial elements could be identified using SIMS and the 
relative sensitivity of the detector to the background. Bar stock Ti-6Al-4V specimens with a 
composition shown in Table 4.1 were prepared for analysis using the polishing regime 
described in Section 3.3.1.  
 
Table 4.1 – Chemical composition of Ti-6Al-4V determined by inert gas fusion 
 Element Composition (wt %) 
Ti alloy O C N Fe Al V Ti 
Ti-6Al-4V (bar stock, Grade 5) 0.18 0.07 0.004 0.06 6.0 4.0 Bal. 
 
The sample was removed from the Bakelite resin and cleaned in an ultrasonic water bath for 
20 minutes to remove any remnant debris. Care was taken during the metallographic 
preparation to ensure there was limited bevelling and that edge rounding was minimised, to 
prevent a variation of the sputter rate caused by a change in the primary ion beam angle of 
incidence [171]. Negative and positive secondary ion mass spectra, described in Section 
3.4.2.1, showed the ions detected using FIB-SIMS, shown in Figure 4.1(a) and (b). 
 
 
Figure 4.1 - (a) Negative secondary ion mass spectrum (b) positive secondary ion mass 
spectrum of Ti-6Al-4V 
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The initial negative ion spectrum of the Ti-6Al-4V highlighted specific issues that need to be 
accounted for before assessing which interstitials can be measured in a titanium alloy. The 
ion, 
19
F
-
 is caused by the ionisation of residual fluorine from the water after the ultrasonic 
bath and also polytetrafluoroethlylene (PTFE) which remained in the chamber from 
undergraduate laboratory experiments, consequently this peak is visible in all negative 
spectra performed in this FIB-SIMS and will not directly influence the interstitial 
measurements. 
 
The secondary ions of interstitial elements 
12
C
-
 and 
16
O
-
 form distinct peaks, whilst the 
secondary ion intensity for 
14
N
-
 was barely above the background intensity. The probability 
of a nitrogen ion forming after sputtering is low because of its high ionisation potential and 
low electron affinity ion, which prevents ionisation [172]. However, nitrogen can be 
detected by the secondary ion of 26 amu, which is a hydrocarbon fragment of 
12
C
-
 and 
14
N
-
 
combined [173]. 
 
In comparison, the positive spectrum has its own advantages and disadvantages for 
measuring interstitial elements in titanium alloys. The positive spectrum has distinctive peaks 
and a lower background noise in comparison to the negative spectrum, which would improve 
the differentiation between the peak signals, but the positive spectrum did not detect any 
individual interstitial ions such as 
12
C
+
, 
14
N
+
 or 
16
O
+
 that can only be detected using a Cs
+
 
beam. The only positive ion that can be used to measure an interstitial element in titanium 
alloys is 
64
TiO
+
, which has been used in previous studies to measure interstitial oxygen 
[174]. As a result of the limited positive secondary ions from interstitial elements, negative 
ions were selected to measure interstitial elements in FIB-SIMS. 
 
Figure 4.1(b) highlights other issues related to the use of this FIB-SIMS instrument; there are 
some sharp peaks that do not coincide with any possible elements that can be attributed to 
either the sample or chamber (eg. 39.2 - 40.2 & 66 amu), these peaks occur due to an 
intermittent voltage failure in the quadrapole of the mass spectrometer. The small disruption 
of the voltage stops the mass filter from sorting the ions and causes ions with any mass to 
reach the detector, resulting in false readings. This effect is not limited to the mass spectrum 
but is obvious in depth profiles and can be easily removed.  
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Measuring interstitial concentration profiles cannot be performed using peak intensities from 
mass spectra for a variety of reasons, the most pertinent reason being surface contamination. 
Titanium alloys readily form a nanoscale oxide layer when exposed to the atmosphere 
[175], therefore any measurements of 
16
O
-
 using mass spectra intensities would include the 
surface oxide, which is not indicative of the interstitial concentration. One method of 
avoiding this problem is to perform a depth profile and measure the secondary ion intensity at 
a pre-described depth, as performed by Thomas et al [176]. 
 
The measurements from this study were acquired using a focused Ga
+
 ion beam accelerated 
to +30 keV with a beam current of 5 nA in a high vacuum chamber (< 5 x 10
-7
 mbar). Before 
measuring any ions the surface was presputtered using a 5 nA gallium beam to remove any 
surface contamination that may have occurred during the metallographic specimen 
preparation. Measurements of the oxygen concentration were performed by milling craters 
with a rastered area of 500 μm² to a depth of 5 µm whilst performing a continuous SIMS scan 
that analysed the ions stated in Table 4.2. The time required to produce a crater with a known 
depth was calibrated by milling a crater in the sample for a set time (15 minutes) and then 
measuring the depth of the crater using white light coherence scanning interferometry. By 
assuming the sputter rate is constant, an accurate milling time for the specific depths can be 
determined and programmed into the instrument. 
 
Table 4.2 - Negative SIMS settings during depth profiling 
 Ion Atomic Mass (AMU) Scan Time (ms) 
C 12 100 
N 14 100 
O 16 200 
CN 26 200 
 
The negative ion depth profile of Ti-6Al-4V shown in Figure 4.2, highlights the surface 
contribution to all the secondary ions at the sputter depth of 0-1 µm. The increased intensity 
of secondary ions at the surface has a number of causes that depend on the secondary ion 
measured. There is an increase in intensity for all the secondary ions measured due to the 
starting surface roughness, which increases the sputter yield [171].  
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Figure 4.2 - Negative secondary ion depth profile of Ti-6Al-4V 
 
As can be seen in Figure 4.2, the intensity for the secondary ions 
12
C
-
 and 
14
N
-
 are equal and 
do not vary with the sputtering depth. When the negative secondary ion intensity peaks for 
the mass spectrum (Figure 4.1(a)) are considered, the ions 
12
C
-
 and 
14
N
-
 were barely 
distinguishable from the background count, which suggests the intensity for these secondary 
ions in the depth profile is within the background noise. 
 
Interstitial concentration profiles can be measured by comparing the plateaued intensities of 
16
O
-
 and 
26
CN
-
 obtained from craters milled at regular intervals from the cross section 
surface, as shown in Figure 4.3(a). Once the secondary ion intensities have been normalised 
and the background noise removed using the silicon wafer standard; a measurement of the 
interstitial element concentration was taken from the average secondary ion intensity at a 
sputter depth between 3 – 5 µm, Figure 4.3 (b) and (d). This sputter depth was selected 
because steady state sputtering had occurred resulting in a plateau in the intensity, which 
represented the interstitial element concentration at that position relative to the distance from 
the surface as shown in Figure 4.3 (c) and (e). Furthermore, measurements of the secondary 
ion intensity were not used past a sputtering depth of 5 µm due to an increasing influence of 
the shadowing effect that reduced the measured intensity due to the crater walls preventing 
some ions from escaping. 
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Figure 4.3 – (a) Secondary ion image of rectangular craters used to collect secondary 16O- and 
26
CN
-
 ions to determine concentration profiles; (b) depth profile of secondary 
16
O
-
 ions at 
varying distances from the cross-section surface for a Ti-6Al-4V sample after 24 hr 
calciothermic reduction; (c) normalised 
16
O
-
 concentration profile determined from the 
accompanying depth profile (d) depth profile of secondary 
26
CN
-
 ions at varying distances 
from the cross section surface for a Ti-6Al-4V sample after 24 hr calciothermic reduction; (e) 
normalised 
26
CN
- 
concentration profile determined from the accompanying depth profile 
 
This qualitative method allows the concentration profile of oxygen and nitrogen to be 
determined by circumventing issues associated with other measuring techniques such as 
microhardness and inert gas fusion. The use of SIMS to measure concentration profiles can 
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be extended to quantification but the effectiveness of quantifying impurity elements is limited 
by the “matrix effect” that causes the sensitivity of a measured ion to be dependent on the 
bulk matrix it is in [168,169]. This is of particular importance for allotropic titanium 
because of the crystal structure and also the chemical differences between alpha and beta 
titanium phases[170]. These factors have limited the application of SIMS to accurately 
quantify interstitial elements and need to be understood to improve upon this technique to 
measure concentration profiles within titanium alloys. 
 
4.3 Quantification of oxygen in titanium alloys 
4.3.1  Introduction 
 
Quantifying concentration profiles in titanium alloys using the technique developed by 
Thomas et al [176] requires further investigation to identify whether the sensitivity of these 
ions is affected by other factors and also to ascertain the limitations of this technique. This 
section will discuss the methodology to quantify concentration profiles and examine the 
effect that alloy type, crater size and other parameters will have on the quantification of 
interstitial elements using FIB-SIMS. 
 
When quantifying impurity elements within a matrix using SIMS, it is vital to distinguish 
multiple instrumental factors that affect the secondary ion intensity from the effect of the 
impurity ions. The secondary ion intensity of a species obtained by sputtering a matrix is 
defined by Equation 4.1: 
 
 
Where I(x) is the secondary ion intensity of the species x, Ip is the primary particle flux, Ytot is 
the sputter yield, α(x)
±
 is the ionisation probability for either positive or negative ions, f(x) is 
the fraction of the isotope x, C(x) is the concentration of x ion species in the matrix and η is 
the transmission factor of the instrument [167]. Equation 4.1 is commonly referred to as the 
‘basic SIMS equation’ and the multiple terms makes separating the effect of the impurity 
concentration on the secondary ion intensity difficult because the yield of the secondary ions 
and the ionisation probability are influenced by the electronic state of the material, “matrix 
I(x ) = Ip Ytot α(x)
±
 f( x) C(x) η 4.1 
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effect”. By controlling instrumental parameters such as the current density, secondary ion 
extraction potentials and assuming that sputtering equilibrium is reached, the instrumental 
factors can be cancelled out. The secondary ion intensity of the impurity in the matrix can 
then be converted into concentration using either the relative sensitivity factor (RSF) or 
calibration curve method [177]. 
 
The most commonly employed method for standardisation is to determine the RSF of an ion 
impurity in a matrix. This is measured using ion implanted calibration samples which are 
polished single crystal elements dosed with varying amounts of the impurity ion (atoms/cm³) 
and are used to produce a working curve that can be used to identify the RSF. This scaling 
value can then be used to convert the secondary ion intensity of an unknown quantity into a 
concentration, shown in Equation 4.2.  
 
 ( )   (
 
   
)(
 ( )
 ( )
)(
 ( )   
 ( )   
) ( )    
4.2 
 
Where C(x) is the unknown impurity concentration in the bulk matrix, I(x) is the intensity for 
the impurity secondary ion in the matrix, I(m)  is the intensity of the matrix secondary ions,  
( ( )   / ( )   
) is the secondary ion ratio of the impurity and matrix from the calibration 
sample and  ( )    is the known concentration of the impurity ion. The use of RSF to convert 
intensities to concentrations is limited by the standards that are used. RSF studies tend to be 
performed in single element matrices with large rastered area depth profiles, which are 
effective in the semiconductor industry but are idealised conditions when applied to 
metallurgical systems. 
 
Takeshita et al [174] initially studied the quantification of oxygen in alpha phase titanium 
by measuring the ratio of 
16
O
-
/
96
(Ti2)
-
 and 
64
TiO
-
/
96
(Ti2)
-
 when milling craters with a 
0.5x0.5 mm
2
 rastered area using a Cs
+
 beam, as shown in Figure 4.4. Takeshita demonstrated 
that measuring the ratio 
64
TiO
-
/
96
(Ti2)
-
 was the most effective method to assess the interstitial 
oxygen concentration in titanium because it produced the smallest, relative standard deviation 
(RSD). This method was effective for commercial purity titanium but it is unknown whether 
this technique could be used to quantify oxygen in titanium alloys because of the effect of 
alloying elements and the RSF due to the matrix effect. This issue is of concern because 
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alloying elements in titanium are partitioned between the alpha and beta phase, which would 
cause the matrix effect to have a large influence over the impurity secondary ion intensity and 
would reduce the repeatability of the RSF, which has been a cause of concern during 
investigations that have used SIMS to quantify the oxygen concentration in metallic systems 
[159,178]. Furthermore, the rastered area (0.5 x 0.5 mm²) required to make measurements 
limits this technique to large specimens and additionally limits the accuracy of where 
measurements are made on the sample.  
 
 
Figure 4.4 – Relationship between the ion intensity ratios of 16O-/96(Ti2)
-
 and 
64
TiO
-
/
96
(Ti2)
-
 
and the oxygen concentration in commercial purity titanium, adapted from Takeshita et al 
[174] 
 
Another method suitable for quantifying impurity ions in a matrix is the use of a calibration 
curve, which although seen as inferior to the RSF for its accuracy in quantifying impurity 
ions, is simpler to convert intensities to concentrations (Equation 4.3). 
 
C(i) = I(i) x [C(i)ref / I(i) ref].  4.3 
 
Where C(i)  is the concentration of the impurity species, I(i) x is the secondary ion intensity of 
the impurity species, C(i)ref and I(i) ref are the known concentration and secondary ion intensity 
of the impurity species in the calibration samples, respectively. This method relies on 
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standardising the analysis conditions so that the secondary ion intensity of the impurity is a 
function of the concentration. A calibration curve constructed from samples, with a similar 
microstructure and alloy composition, can then be used to convert the secondary ion intensity 
of impurities into a quantified value. Since the calibration method does not require the 
measurement of the matrix material it is ideal for use in metal alloy systems because each 
alloy system will have a specific calibration curve that accounts for the matrix effect. As a 
result this method has been selected for quantifying interstitial concentrations profiles. The 
effectiveness of using FIB-SIMS and the calibration curve method to quantify oxygen in 
commercial purity titanium and Ti-6Al-4V will be examined in this section, whilst 
highlighting the potential limitations of this technique. 
 
4.3.2 Methodology of quantification 
 
The quantification of interstitial oxygen concentration using a calibration sample is the final 
step used to measure interstitial concentration profiles in titanium alloys using the FIB-SIMS. 
After following the procedure described in Section 4.2 to produce a normalised 
16
O
-
 intensity 
measurement from the target specimen, this measurement is calibrated using a reference 
sample with a known oxygen concentration and has been prepared following the grinding and 
polishing regime, described in Section 3.3.1. 
 
A calibration measurement of the oxygen concentration from the reference sample was 
performed by milling a 500 µm² crater following the procedure described in Section 4.2. An 
average value is then taken for the secondary 
16
O
-
 intensity from the reference sample at a 
sputter depth of 3-5 µm after it has been normalised using the silicon wafer and then used to 
quantify the normalised 
16
O
-
 intensity measurements from the target specimen using Equation 
4.3, as discussed in the previous section.  
 
This method relies upon the target sample being measured during the same instrument 
session as the reference sample to ensure that the secondary 
16
O
-
 intensity measurement is 
only affected by the interstitial oxygen concentration in the titanium sample. To effectively 
use this technique to quantify the oxygen concentration in titanium alloys, it is important to 
understand how parameters such as alloy composition and rastered area size affect the 
measurement of secondary 
16
O
-
 ions. 
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4.3.3 Characterisation of calibration samples 
 
10 mm rods of CP Ti
1
 with varying oxygen concentration (500, 1400, 3000 wt. ppm values 
obtained via inert gas fusion testing) and Ti 6Al-4V
2
 (500, 1800 and 2100 wt. ppm values 
obtained via inert gas fusion testing) were used as calibration samples for measuring the 
calibration curve. The chemical composition of the calibration samples were measured using 
a combination of inert gas fusion for carbon, nitrogen and oxygen. Titanium, aluminium, 
vanadium and iron were measured using inductively coupled plasma (ICP-OES), shown in 
Table 4.3. The microstructure was examined for all samples using optical microscopy to 
assess whether the different grades of each alloy had a similar microstructure, Figure 4.5 
shows a representative image of the microstructure for the alloys. The commercial purity 
titanium alloys consisted of the alpha phase only, whilst the Ti-6Al-4V alloys possessed an 
alpha + beta bimodal microstructure. 
 
Table 4.3 - Chemical composition of titanium standard samples 
 
  
                                                 
1
 CP Ti samples courtesy of Dr Meurig Thomas – University of Sheffield 
2
 Ti-6Al-4V samples sourced from Goodfellows Ltd, United Kingdom 
 Element Composition ( wt %) 
Ti Alloy O C N Fe Al V Ti 
CP Ti (Grade1) 0.05 0.01 0.03 0.03 - - Bal. 
CP Ti (Grade 2) 0.14 0.01 0.03 0.03 - - Bal. 
CP Ti (Grade 4) 0.30 0.01 0.03 0.03 - - Bal. 
Ti-6Al-4V (Grade 23) 0.05 0.06 0.001 0.06 6.2 4.1 Bal. 
Ti-6Al-4V (Grade 5) 0.18 0.07 0.004 0.06 6.0 4.0 Bal. 
Ti-6Al-4V (high O content) 0.21 0.02 0.009 0.03 6.0 4.0 Bal. 
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Figure 4.5 - (a) Cross-polarised micrograph of CP Ti
3
 (b) Non-polarised Ti-6Al-4V etched in 
Kroll’s solution (2 vol % HF, 6 vol % HNO3, bal. H2O) light regions are alpha phase, dark 
regions are beta phase. 
 
4.3.4  FIB-SIMS analysis of the quantification of interstitial oxygen 
4.3.4.1 Effect of alloy composition  
 
The various alloy samples were machined to a thickness of 1 mm and mounted in Bakelite 
resin. The samples were ground with SiC paper using the preparation regime described in 
Section 3.3.1. and polished using 0.25 μm colloidal silica solution resulting in a surface 
roughness of Ra = 0.1 μm. Care was taken during preparation to ensure there was limited 
bevelling and that edge rounding was minimised, to prevent a variation of the sputter rate 
caused by a change in the surface angle to gallium beam [179]. The samples were then 
broken out of the Bakelite and then cleaned in an ultrasonic water bath for 20 minutes to 
remove any debris.  
 
Five depth profile measurements were the taken from each alloy sample measuring the 
secondary 
16
O
-
 intensity and normalised with the silicon wafer. Care was taken to ensure 
measurements were from multiple sites around the sample to ensure they were representative 
of the bulk oxygen interstitial concentration. By standardising the measurement procedure, 
                                                 
3
 Cross polarised commercial purity titanium image courtesy of Dr Meurig Thomas – University of Sheffield 
(2012) 
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the effects of the instrument were removed. As shown in Figure 4.6, the alloy composition 
affected the measured 
16
O
- 
secondary ion intensity. 
 
 
Figure 4.6 - Relationship between the normalised ion intensity and the bulk oxygen 
concentration in commercial purity and Ti-6Al-4V 
 
4.3.4.2 Effect of crater dimensions  
 
To evaluate the effect of the rastered area on the intensity of secondary ions measured, 
16
O
-
 
secondary ion measurements were taken from the commercial purity titanium alloy (1400 wt. 
ppm) and also the silicon wafer with different sized craters. All craters were milled to a depth 
of 5 µm with rastered areas ranging from 25 – 500 µm² and 5 measurements taken for each 
crater size. Reduction of the rastered area caused a decrease in the measured secondary 
16
O
-
 
ions from 100 – 500 µm², as shown in Figure 4.7 with the error bars representing the standard 
deviation between the five measurements for each crater size. The 500 µm² rastered area 
measurement of secondary 
16
O
-
 ions did not follow the line of best fit; this plot is thought to 
be an outlier because there should be no significant increase in the secondary 
16
O
-
 intensity at 
500 µm² and this phenomenon is not reflected in the commercial purity titanium data. 
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Figure 4.7 – Effect of the rastered area on the measurement of 16O- secondary ions in 
commercial purity titanium and silicon  
 
4.4 Discussion 
 
When the effect of alloy composition on the measurement of secondary 
16
O
-
 ions was 
examined, shown in Figure 4.6 (Section 4.3.4.1), it was demonstrated that commercial purity 
titanium had an increased normalised 
16
O
-
 intensity in comparison to the Ti-6Al-4V alloy, 
whilst retaining a linear proportionality between the normalised intensity and the known 
impurity concentration in the alloy system. This appears to demonstrate that the alloying 
elements are causing a change in the useful yield rather than changing the relative sensitivity 
factor of oxygen in the titanium matrix because the gradient remains similar between the two 
alloy systems. This highlights that our technique can be transferred to other titanium alloys to 
quantify the oxygen concentration with only one calibration sample per alloy required due to 
the linear proportionality of the relationship between the normalised 
16
O
-
 intensity and the 
known oxygen concentration in the specimen. 
 
The change of the useful yield between commercial purity titanium and Ti-6Al-4V is thought 
to be caused by the matrix effect; however, the experimental method cannot distinguish 
whether this effect is caused by the alloy composition or if it is an effect of the presence and 
distribution of different phases. One method to assess this effect is to compare the 
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experimentally obtained calibration curves of the normalised 
16
O
-
 ions to the Monte Carlo 
simulation TRIM (Transport of Ions in Matter)[180], which uses statistical algorithms to 
calculate the interactions between a primary ion beam and a target surface of atoms, as shown 
in Figure 4.8, based on the theories for the collisions and stopping ranges of heavy ions 
[181,182]. If the change in useful yield is an effect of the alloy composition then the 
simulation will produce a similar relationship to Figure 4.7 between the theoretical oxygen 
sputter rate and the titanium alloys. 
 
 
Figure 4.8 - (a) TRIM statistical program inputs (b) simulated trajectory of Ga
+
 ions into the 
solid target and the atomic collisions of titanium and oxygen atoms within the target  
 
A simple model of the two titanium alloys was devised by assuming the primary ion beam 
was Ga
+
 accelerated to +30 keV, the angle of incidence of the ion was defined as 0°, the 
target was solid and the alloy compositions were defined by Table 4.4. The calculation was 
performed with ‘detailed calculation and Full Damage Cascades’, which records data for all 
recoiling and sputter atoms until their energy drops below the lowest displacement energy. 
Furthermore it ensures that no statistical approximation is used for the interaction between 
the primary ion and the target surface, so that accurate calculations of the ion sputtering can 
be made [183]. 10000 primary Ga
+
 ions were simulated to hit the titanium alloy with a 
thickness of 1 mm. Each calculation was performed five times with different seed numbers 
(default no. and 1-4) to start each simulation, so there was statistical variation between each 
calculation, because TRIM will produce identical calculations with the same input setup 
unless the random number seed is changed[183]. 
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Table 4.4 - TRIM target compositions 
 Element composition (wt % / at %) 
Alloy  ρ (kg.m-3) Ti O Al V 
CP Ti (low oxygen) 4.51 99.95 / 99.85 0.05 / 0.15 - - 
CP Ti (medium oxygen) 4.51 99.85 / 99.55 0.15 / 0.45 - - 
CP Ti (high oxygen) 4.51 99.79 / 99.37 0.21 / 0.62 - - 
Ti-6Al-4V (low oxygen) 4.43 89.95 / 86.19 0.05 / 0.14 6 4 
Ti-6Al-4V (medium oxygen) 4.43 89.85 / 86.18 0.15 / 0.43 6 4 
Ti-6Al-4V (high oxygen) 4.43 89.79 / 86.17 0.21 / 0.60 6 4 
 
The TRIM model effectively calculates the theoretical sputtering yields as a ratio of the 
number of atoms sputtered from the target to the number of primary ions fired at the surface. 
By comparing the theoretical sputtering yields of the two target alloys, it can be ascertained 
whether the experimental results obtained for the calibration curves (Figure 4.6) are due to 
the alloy composition or if it is the effect of the phase or surface composition. Initially, 
comparison of the total atom sputter yield between the alloys, Figure 4.9(a), showed that 
more total atoms were sputtered from Ti-6Al-4V than commercial purity titanium. This 
confirms what is seen experimentally, where Ti-6Al-4V has a higher sputter rate than 
commercial purity titanium, and consequently results in a faster milling time for a set crater 
dimension. When the sputter yield of oxygen was compared between the titanium alloy 
systems (Figure 4.6), the TRIM calculations, shown in Figure 4.9 (b), did not display a 
difference between the secondary ion intensity calibration curves for Ti-6Al-4V and 
commercial purity titanium as the experimental data indicated. 
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Figure 4.9 - TRIM modelling of CP Ti and Ti-6Al-4V (a) total atom sputter rate (b) oxygen 
atom sputter rate. The error bars are the difference in values caused by changing the random 
seed number 
 
Ti-6Al-4V had a higher sputter rate than commercial purity titanium because of the addition 
of aluminium to the alloy system. It has been shown in the AlxGa1-xAs system that increasing 
the aluminium content causes an increase of the sputtering rate[184] because the addition of 
aluminium lowers the surface binding energy of the matrix, which makes it easier for atoms 
and ions to be sputtered from the specimen by the primary ion beam, as dictated by the 
breaking bonds model [185]. However this does not affect the measurement of 
16
O
-
 ions 
because the different sputter rate of each alloy is taken into account by calibrating the milling 
times to ensure crater depths are the same 5 µm depth. By eliminating this effect, the 
differences between the 
16
O
-
 calibration curves (Figure 4.6) are thought to be caused by the 
elemental segregation between the alpha and beta phase. 
 
The addition of vanadium to the titanium alloy system results in the stabilisation of the beta 
phase at room temperature, which forms a mixed alpha and beta phase system in Ti-6Al-4V. 
The formation of the alpha and beta phase results in the segregation of the stabilising 
elements, which is thought to have a direct impact on the quantification of oxygen. Interstitial 
oxygen is predominately in the alpha phase, which causes the beta phase to be deficient. 
Consequently Ti-6Al-4V that has a beta phase fraction of up to 10% of the microstructure 
[186] will have less 
16
O
-
 sputtered because the crater milled will contain less alpha phase 
than commercial purity titanium. This is an effect that the TRIM model does not demonstrate 
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because it assumes the elements in the composition are homogeneously distributed in a single 
phase microstructure. Furthermore, alloying elements can bond with the interstitial elements 
resulting in the sputtering of oxygen containing ions, such as 
43
AlO
+
 and 
67
VO
+
, which will 
reduce the measured 
16
O
-
 ions. However, this contribution to the measurement errors cannot 
be confirmed using a Ga
+
 liquid metal ion beam because gallium is a poor reactive source. Its 
inability to efficiently sputter these species can be seen by the lack of positive peaks at 43 and 
67 amu, as shown in Figure 4.1(b). The effect that phase formation has on the quantification 
of interstitial oxygen is not confined to the measurement of the ions that are sputtered. FIB-
SIMS is a destructive process and the bombardment of primary ions at the target surface can 
affect the measurement of secondary ions by causing surface roughening. 
 
As the primary ion beam sputters the titanium alloys, multiple effects can occur that can alter 
the measurement of the interstitial elements. The sputtering caused by the FIB causes surface 
layer mixing where an altered layer is formed in the order of 150 -200 Å for titanium alloys 
[183], consisting of a disordered mixture of the probe atoms and the original matrix and also 
introduces sputter-induced surface topography. The altered layer has a negligible effect when 
measuring the interstitial oxygen content using this approach because the minor reduction of 
the depth resolution is compensated by using an average 
16
O
-
 ion intensity once steady state 
sputtering is reached for the quantification. In contrast, the occurrence of sputter induced 
surface roughening has to be accounted for because this effect is clearly visible after crater 
milling titanium samples, shown in Figure 4.10. 
 
 
Figure 4.10 - Surface roughness of Ti-6Al-4V (a) before crater milling (b) after crater milling 
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This effect of beam induced crater roughening was examined by comparing the crater 
roughness between the two alloys, after milling 500 µm² craters to a depth of 5 µm, using 
white light interferometry. Table 4.5 shows that there is a small difference between the crater 
roughness of Ti-6Al-4V and commercial purity titanium, but it is not large enough to cause a 
significant change of intensity, which will be discussed in more detail in Section 4.5.1 when 
the effect of roughness is examined. Since the effect of surface roughening is thought to be 
minimal between commercial purity titanium and Ti-6Al-4V, this rules it out as a factor that 
influces the measurement of oxygen in titanium alloys 
 
Table 4.5- Crater roughness measurements for CP Ti and Ti-6Al-4V 
Alloy Ra (µm) Standard Deviation 
CP Ti (1400 wt. ppm) 0.125 0.0035 
Ti-6Al-4V (1800 wt. ppm) 0.331 0.0590 
 
This study demonstrates that FIB-SIMS can be used to quantify bulk interstitial oxygen 
concentrations in titanium alloys with the use of calibration curves, and highlights the 
importance of using a calibration sample of the same alloy composition and heat treatment to 
the target sample. The effect of alloy composition on the calibration curve has not been 
previously investigated, but now but it has been successfully shown that changing the alloy 
composition in titanium affects the useful yield of 
16
O
-
 secondary ions rather than the 
16
O
-
 
sensitivity, which simplifies the quantification process. By comparing the experimentally 
obtained data to the TRIM simulation of commercial purity titanium and Ti-6Al-4V it was 
found that the stabilisation of the beta phase in Ti-6Al-4V causes the change in the useful 
yield. This factor dominates others such as the exact alloy composition or any beam induced 
effects such as crater roughening. FIB-SIMS has significant potential advantages for 
quantification of the interstitial oxygen concentration in titanium, but effective use of this 
technique must recognise its limitations and these need to be appreciated to understand the 
accuracy of the measurements. 
 
4.5 Limitations and potential conflict 
4.5.1 Sample preparation 
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Before analysing a specimen, the initial sample preparation can have a significant effect on 
the final quantification due to the effect of the surface roughness [171]. The grinding and 
polishing regime for the sample preparation, ensured the specimen and calibration sample 
have a similar surface roughness before analysis to remove this as a source of error. This 
effect was examined by comparing the secondary 
16
O
-
 intensity between two samples of 
commercial purity titanium with the same interstitial oxygen concentration but different 
surface roughness. The “rough” sample had a machined surface (Ra = 0.31 µm), whilst the 
other specimen was ground and polished, following the sample preparation regime described 
in Section 3.3.1, to a surface roughness of Ra = 0.065 µm. When depth profile FIB-SIMS 
measurements were examined the depth profile highlighted the effect the surface roughness 
has on the secondary ion intensity as shown in Figure 4.11. 
 
 
Figure 4.11 - Effect of surface roughness on the secondary ion 
16
O
-
 intensity in CP Ti (1400 
wt. ppm) 
 
As the surface becomes rougher, the likelihood of a primary ion hitting the target surface at a 
non-perpendicular angle increases, causing an increased sputtering yield that affects the 
secondary ion intensity. Overall, Figure 4.11 demonstrates the importance of ensuring the 
calibration and target specimen are prepared in a similar manner since a large change in 
surface roughness can affect the quantification of the target specimen. This will result in 
further uncertainties before the limitations of the analysis technique are taken into account. 
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4.5.2 Analysis limitations 
 
The limitations of the quantification of interstitial oxygen in titanium alloys can be split into 
issues regarding the uncertainty of the quantified calibration samples, and the precision of the 
secondary ion measurements using FIB-SIMS. The uncertainty of the bulk oxygen 
concentration obtained by inert gas fusion is well defined as ± 50 wt. ppm below 1000 wt. 
ppm and ± 100 wt. ppm between 1000 – 2000 wt. ppm (Section 3.4.1), which defines the 
minimum uncertainty of any value quantified using the calibration curve. In comparison, the 
precision of the secondary ion measurements are less well defined and are influenced by 
multiple factors. 
 
The precision of the secondary oxygen ion intensity measurements can be affected by a 
variety of factors due to the basic SIMS equation (Equation 4.1) but by standardising the 
experimental procedure, the effect that the instrumental factors have on the secondary ion 
intensity become negligible. Therefore the precision of the secondary ion measurements, are 
related to the microstructural properties within the rastered area of measurement; such as 
phase fraction, grain orientation, surface roughness. The precision of measuring secondary 
oxygen ions decreases when analysing mixed phase titanium alloy systems in comparison to 
the single phase commercial purity titanium, which is reflected by the increased RSD values 
in Ti-6Al-4V shown in Table 4.6. 
 
Table 4.6 –Relative standard deviation (RSD) variation with alloy composition and bulk 
oxygen content 
Alloy type Bulk oxygen concentration 
(wt. ppm) 
Relative standard deviation 
(%) 
Commercial purity Ti 500 10.32 
 1400 5.12 
 3000 5.13 
Ti-6Al-4V 500 22.03 
 1800 25.02 
 2400 9.44 
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The measurement of the 
16
O
-
 secondary ions is affected by the relative contributions from the 
alpha and beta phases in the area sampled since alpha grains have higher concentrations of 
oxygen. Consequently, the crater milled has to be sufficiently large to ensure a fair 
representation of the bulk microstructure is milled when quantifying the interstitial oxygen 
concentration. Our technique has used a rastered area of 500 μm², milling trenches to a depth 
of 5 μm. This allows the steady state sputter rate to be reached and additionally allows 
multiple grains to be milled when measuring the 
16
O
-
 intensity, shown in Figure 4.12. This 
limits the effects of grain orientation and different phases (alpha and beta phase titanium) by 
taking an average intensity over a large region whilst retaining the lateral resolution of the 
cross sectional distance from the surface.  
 
 
Figure 4.12 - Ion channelling image of CP Ti (C(O) = 1400 wt. ppm) (a) before crater milling 
(b) after crater milling 
 
Varying the raster area of the milled crater changes the intensity of the secondary ions 
measured as shown in Figure 4.7, which reinforces the importance of standardising the 
measuring procedure to be able to quantify the bulk oxygen concentration in titanium alloys.  
When the raster area is decreased from 500 µm² to 100 µm² the intensity of the measured 
16
O
-
 
secondary ions linearly decreases due to a reduction of the measurement area. This decrease 
in raster area will reduce the amount of oxygen atoms sputtered and potentially ionised from 
the target. Furthermore, as the raster area is reduced the edge effect, which increases the 
current density at the edge of the crater and causes a higher sputter yield of atoms, is 
minimized due to the decreasing crater perimeter. The advantages of decreasing the raster 
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area to minimise the edge effect are countered by other factors such as grain orientation, 
which affect the measurement of secondary 
16
O
- 
ions. 
 
When a raster area smaller than 100 µm² is used to measure secondary 
16
O
-
 ions, the steady 
state is not reached. This results in an increase of the relative standard deviation which 
reduces the precision of the measurement. As the rastered area is reduced, the average 
16
O
-
 
intensity measured at the steady state region decreases proportionally and ultimately, when 
the rastered area is reduced to the grain size, the secondary ion intensity becomes dependent 
on the orientation of the grain due to ion channelling. The effect of the ion channelling should 
show an increased secondary 
16
O
-
 intensity as the rastered area is reduced to smaller than the 
grain size. However, Figure 4.13(b) only shows a small increase at 20 µm², but this cannot be 
definitively attributed to the ion channelling because the relative standard deviation is ± 10%. 
As a result, further work would be required to demonstrate the effect that orientation has on 
the measurement of 
16
O
-
 ions when using small rastered areas. 
 
 
Figure 4.13 (a) Optical microstructure highlighting different grain orientations of CP Ti (C(O) 
= 1400 wt. ppm); (b) Variation of 
16
O
-
 intensity with respect to the rastered area for CP 
Ti(C(O) = 1400 wt. ppm) and silicon 
 
Examination of the raster area of the crater size affects the measurement of secondary ions 
has defined the parameters that must be considered when using FIB-SIMS to quantify 
interstitial element concentrations in titanium alloys. In the present work, reducing the raster 
area of the crater to below 100 µm
2 
increases the relative standard deviation of the 
measurement because steady state sputtering is not reached. While, if the rastered area size is 
comparable to the grain size of the target alloy the measurement of the secondary ions could 
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become dependent on the orientation of the grain sampled, however further work would be 
required to confirm this. This highlights the importance of identifying the correct parameters 
to use when attempting to quantify interstitial element concentration profiles using FIB-
SIMS. 
 
4.6 Conclusions 
 
The use of FIB-SIMS to measure and quantify interstitial concentration profiles in titanium 
alloys has been examined in this chapter to ascertain the feasibility of this method to 
determine interstitial diffusion in samples during calciothermic reduction. As well as 
investigating whether this technique could be used to measure concentration profiles within 
alloys, the effect of sample preparation, alloy composition and measuring parameters were 
examined to assess the limitations of the technique. The following conclusions can be drawn 
from this study: 
 FIB-SIMS can be used to identify concentration profiles for oxygen and nitrogen by 
measuring the secondary ion intensities of 
16
O
-
 and 
26
CN
-
 after they have been 
normalised using analysis of a silicon wafer. The standardisation of the technique and 
use of a silicon sample is important to negate the effects of contaminants in the 
vacuum chamber and other instrumental parameters. 
 Oxygen concentration profiles in titanium alloys can be quantified via the calibration 
curve method through the use of a reference sample with a known oxygen 
concentration and a similar alloy composition and microstructure to the target sample. 
The calibration curves measuring the normalised intensity of secondary 
16
O
-
 and the 
oxygen concentration, for commercial purity titanium and Ti-6Al-4V had linear 
sensitivities but different ion yields. This demonstrated the importance of the alloy 
composition of the reference material and suggests that this method of quantification 
can be extended to other titanium alloys. 
 The difference of secondary 16O- ion yields between commercial purity titanium and 
Ti-6Al-4V is due to the stabilisation of the beta phase. Monte-Carlo TRIM 
simulations suggested the difference between the oxygen sputter rates for these alloys 
were not caused by the alloying composition. This implies that the segregation of 
elements between the alpha and beta phase is causing the change in ion yields. 
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 The quantification of interstitial oxygen measurements are limited by the uncertainty 
of the reference sample measurement by inert gas fusion and the precision of the FIB-
SIMS measurements. FIB-SIMS measurements are affected by the size of the raster 
area with respect to the grain size and also the orientation. When the crater size was 
reduced below 100 µm² it was thought the grain orientation would influence the 
measurement and the result would not be representative of the interstitial content in 
the alloy. This was not seen in our research and further work would be required to 
qualify this statement. The crater size affects the resolution of the concentration 
profile throughout the alloy. Therefore, careful selection of the FIB-SIMS parameters 
are required to correctly quantify the interstitial concentration in titanium alloys.  
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Chapter 5 Control of interstitial elements in Ti-6Al-4V with 
calciothermic reduction 
5.1 Introduction 
 
Conventional production methods for Ti-6Al-4V components require significant amounts of 
machining and subsequently are wasteful of material, as discussed in Section 2.4.4. Powder 
metallurgy is seen as an alternative technique to produce near net shape Ti-6Al-4V 
components. However, one of the disadvantages of producing components via this method is 
the high interstitial oxygen concentration that remains in the finished products, which is 
attributed to the high chemical affinity of titanium with oxygen and the large surface area of 
powder during processing. The effectiveness of calciothermic reduction to reduce and control 
the interstitial oxygen concentration in post-sintered Ti-6Al-4V metal injection moulded 
10 mm diameter rods will be examined in this chapter. 
 
This study aims to examine how the environment in the reaction vessel affects the reduction 
process and considers the effect of how parameters such as salt composition, time, 
temperature and dimensions of the specimen, affect the concentration of interstitial elements 
in the finished product. From this analysis of the parameters, the investigation will assess the 
mechanism for controlling the interstitial element concentration using the FIB-SIMS 
quantification technique discussed in Chapter 4. 
 
5.2 Experimental Methods 
 
With multiple parameters to examine in the process of calciothermic reduction, it is important 
to control systematically the variables to assess the individual effect of each parameter. The 
effect that environment has on calciothermic deoxidation, was examined using a starting salt 
concentration of 15.6 mol% Ca/CaCl2 with 10 mm lengths of MIM Ti-6Al-4V. The specimen 
was sealed in the reaction vessel with either an air environment or back filled with argon to 
produce an inert environment, as described in Section 3.2. The reaction vessel was then 
placed in a furnace at 1000°C and held at that temperature for 0.5 - 72 hrs, before furnace 
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cooling to room temperature with the profile shown in Figure 5.1. It is important to note that 
by using a furnace cooling profile the alpha lamellar spacing will be kept to a maximum 
therefore, an increase in the the dwell time above the beta transus causes an increase of the 
alpha grain size in the final product.  
 
Figure 5.1 – Thermal profile during furnace cooling of calciothermic reduction experiments  
 
All further experimentation to assess the effect of temperature, sample thickness and starting 
salt composition were performed in an air environment and furnace cooling. The conditions 
used for each experiment are shown in the experimental matrix, Table 5.1.  
 
Table 5.1 - Experimental matrix for calciothermic reduction experimentation. The highlighted 
parameter refers to the variable being experimented 
 Fixed  
Variable 
Experimental  
Variable  
Environment Temp 
(°C) 
Sample 
Thickness 
(mm) 
Salt Composition 
(mol % 
Ca/CaCl2) 
Environment Air/Inert 1000 10 15.6 
Temperature (°C) Air 900-
1100 
10 15.6 
Sample Thickness (mm) Air 1000 1-10 15.6 
Salt composition (mol% 
Ca/CaCl2) 
Air 1000 10 3.7, 15.6, 47.1 
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5.3 Results 
5.3.1 Effect of the reduction environment  
 
Previous studies have shown that calciothermic reduction can be readily used to reduce the 
oxygen concentration of commercial purity titanium in an inert environment of argon [65], 
but they only examined the interstitial concentration once equilibrium had been reached. By 
measuring the interstitial oxygen and nitrogen concentration of the Ti-6Al-4V specimens 
using inert gas fusion at varying process times, it was possible to assess the effect that the 
environment sealed in the reaction vessel has on the calciothermic process, as shown in 
Figure 5.2 
 
 
Figure 5.2 – Bulk oxygen and nitrogen concentration in Ti-6Al-4V specimens, measured by 
inert gas fusion, after calciothermic reduction for varying times at 1000°C and 15.6 mol% 
Ca/CaCl2. The error bars are the uncertainty associated with inert gas fusion as dictated by 
Table 3.3 and the dotted lines are guidelines. 
 
Performing calciothermic reduction in an inert gas environment caused the oxygen 
concentration in the Ti-6Al-4V specimen to decrease as the process time increased, from 
2400 wt.ppm to a minimum of 480 wt.ppm after 72 hrs. The nitrogen concentration in the 
specimen increased from 75 ppm to a maximum of 200 ppm, highlighting that the method for 
backfilling the reaction vessel leaves some nitrogen in the specimen; however, the measured 
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nitrogen can be considered negligible because the nitrogen concentration is still below the 
maximum industrially accepted concentration of 500 wt.ppm [187].  
 
In comparison, using calciothermic reduction with a sealed air environment resulted in the 
oxygen concentration initially increasing to a maximum of 2600 wt.ppm. at 0.5 hrs, before 
decreasing gradually with the process time to a minimum of 500 wt.ppm. The similarity of 
the oxygen concentration reached in the Ti-6Al-4V specimens after 72 hrs for the air and 
inert gas environment suggests that equilibrium has been reached. The nitrogen concentration 
was found to increase with the process time and reached 470 wt.ppm at 72 hrs.  
 
As well as increasing the nitrogen content of the Ti-6Al-4V specimens, the use of an air 
environment caused an interfacial surface layer to form. Examination of a metallographic 
cross section by secondary electron microscopy, shown in Figure 5.3, displayed the surface 
layer formed after 0.5 hrs, which continued to increase in thickness until 24 hrs however after 
a process time of 72 hrs the layer was no longer visible. Further analysis of the interfacial 
surface layer using X-ray diffraction (Figure 5.4) produced distinct peaks that were not seen 
in the starting Ti-6Al-4V specimen nor on the surface of the inert gas samples, indicating that 
a different reaction was occurring at the surface when calciothermic reduction was performed 
in an air environment. Identification of this surface layer and the reaction mechanism that 
caused it to form are discussed in detail in Chapter 6. 
 
 
Figure 5.3 - SEI of the Ti-6Al-4V surface after calciothermic reduction in a sealed air 
environment (a) 0.0 hrs (starting surface) (b) 0.5 hrs (c) 24.0 hrs (d) 72.0 hrs 
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Figure 5.4 - X-ray diffraction pattern of the starting MIM Ti-6Al-4V, Ti-6Al-4V after 24 hrs 
of calciothermic reduction in an air environment, Ti-6Al-4V after 24hrs of calciothermic 
reduction in an inert environment 
 
The continued removal of oxygen from the test specimens demonstrated that calciothermic 
reduction can be used to deoxidise Ti-6Al-4V in an air or inert gas environment. As well as 
reducing the oxygen concentration, the nitrogen concentration was found to increase in the 
test specimens, suggesting that a diffusion based process was occurring during calciothermic 
reduction to affect the interstitial element concentrations in the Ti-6Al-4V specimens.  
 
5.3.2 Effect of Fick’s law variables 
 
The reduction of the bulk interstitial oxygen concentration in the Ti-6Al-4V specimens 
suggests that calciothermic reduction is a diffusion based process controlled by Fick’s laws of 
diffusion [51]. The major parameters that would affect the diffusion based process in an 
industrial environment would be time, temperature and sample dimensions.  
 
The effect of temperature on the interstitial element concentrations, shown in Figure 5.5, 
demonstrated that increasing the temperature caused the average interstitial oxygen 
concentration to decrease to a minimum of 340 wt.ppm, whilst increasing the interstitial 
nitrogen concentration to a maximum of 740 wt.ppm at 1100°C. Increasing the temperature 
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would increase the diffusivity of oxygen and nitrogen in titanium, as defined by Equation 2.6. 
This data suggests that increasing the temperature, increased the diffusion of oxygen out of 
the titanium while the diffusion of nitrogen into the sample is increased.  
 
 
Figure 5.5 - Bulk oxygen and nitrogen concentration, measured by inert gas fusion, in Ti-
6Al-4V specimens after calciothermic reduction for varying temperatures for 24 hrs and 
15.6 mol% Ca/CaCl2. The error bars are the uncertainty associated with inert gas fusion as 
dictated by Table 3.3 and the dotted lines are guidelines. 
 
The effect that temperature had on the interstitial elements’ concentrations highlighted that 
the calciothermic reduction is a thermally activated process. Furthermore, the dimensions of 
the specimens would affect the oxygen and nitrogen concentration in the titanium sample as 
the process time increases due to Fick’s law of diffusivity. Figure 5.6 demonstrates the 
specimen thickness has an important effect on the interstitial oxygen and nitrogen 
concentrations during calciothermic reduction. The oxygen concentration did not vary 
drastically between the 5 and 10 mm thick specimens, but there was a marked reduction for 
the 1 mm sample. After 24 hrs, the oxygen concentration was 1600 and 1500 wt.ppm for the 
5 and 10 mm specimens respectively, and then reduced to a minimum of 480 wt.ppm at 
72 hrs. In contrast, the 1 mm samples had an oxygen concentration of 350 wt.ppm after 
24 hrs, which remained low as the process time increased to 72 hrs. In comparison, the 
nitrogen concentration increased with the sample thickness, with a maximum concentration 
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of 2700, 1500 and 470 wt.ppm obtained by the 1, 5 and 10 mm specimens, respectively, after 
a process time of 72 hrs. 
 
 
Figure 5.6 - Bulk oxygen and nitrogen concentration, measured by inert gas fusion, in Ti-
6Al-4V specimens after calciothermic reduction for different specimen thicknesses at 
1000°C, 15.6 mol% Ca/CaCl2. The error bars are the uncertainty associated with inert gas 
fusion as dictated by Table 3.3 and the dotted lines are guidelines. 
 
The effects that temperature and dimension size have on the interstitial element concentration 
during calciothermic reduction are dictated by Fick’s laws of diffusion. However this only 
affects the kinetics of the calciothermic reduction process; to gain a complete insight of the 
process, it is important to understand the thermodynamics of calciothermic reduction. 
 
5.3.3 Effect of salt concentration 
 
One of the important thermodynamic parameters of calciothermic reduction discussed earlier, 
in Section 2.5.2, is the activity ratio of calcium to calcium oxide (r = aCaO/aCa). This ratio 
thermodynamically dictates the deoxidation limit of calciothermic reduction due to the 
formation of calcium oxide on the reduction process. As a result, limiting the activity of 
calcium oxide is important, hence the use of calcium chloride as part of the molten flux. 
Using this knowledge, the bulk oxygen concentration can be controlled by varying the 
composition of the starting salt concentration. 
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The salt composition for the calciothermic experiments was varied by using a fixed amount 
of calcium chloride (15 g) and varying the amount of calcium, as dictated by Figure 5.7. Salt 
compositions of 3.7, 15.6 and 48.1 mol% Ca/CaCl2 were used for calciothermic reduction 
experiments with the standard test conditions for a variety of process times from 0.5-72 hrs.  
 
 
Figure 5.7 - Mole percentage of calcium or calcium chloride in salt composition in 
comparison to the calcium mass 
 
By assuming that all the calcium in the starting composition reacts to form calcium oxide as 
dictated by Equation 5.1, the three compositions selected examined different thermodynamic 
regimes for the calciothermic reduction; 3.7 mol% Ca/CaCl2 was above the saturation point 
of calcium at 1000°C (3.5 mol%) ensuring that the starting aCa = 0.995 and the maximum 
aCaO < 0.2 [130] and is referred to as the “low calcium regime”, 15.6 mol% Ca/CaCl2 
examined the thermodynamic regime where the maximum aCaO < 0.7 and 48.1 mol% 
Ca/CaCl2 investigated the effects of the starting aCa = 0.995 and a maximum aCaO = 0.991, 
which is referred to as the “high calcium regime”. 
 
                           5.1 
 
Figure 5.8, displays the effect of the starting salt composition on the calciothermic 
deoxidation of Ti-6Al-4V. All salt compositions resulted in an increase in the oxygen 
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concentration in the Ti-6Al-4V specimens from 2400 wt.ppm to 2600 wt.ppm at 0.5 hrs, 
which is associated with the air environment in the reaction vessel. The low calcium 
experiments (3.7 mol% Ca/CaCl2) caused the interstitial oxygen concentration to decrease to 
a minimum of 1900 wt.ppm at 72 hrs, whilst the experiments that used higher calcium 
concentrations, deoxidised the Ti-6Al-4V specimens to a minimum of 470 and 670 wt.ppm 
for the 15.6 and 47.5 mol% Ca/CaCl2 salt compositions, respectively. 
 
 
Figure 5.8 - Bulk oxygen concentration, measured by inert gas fusion, in Ti-6Al-4V 
specimens after calciothermic reduction for different starting salt compositions at 1000°C in 
an air environment. The error bars are the uncertainty associated with inert gas fusion as 
dictated by Table 3.3 and the dotted lines are guidelines. 
 
The effectiveness of using calciothermic reduction to deoxidise Ti-6Al-4V was found to be 
affected by the starting salt composition as expected; however, the starting salt composition 
only had a pronounced effect when the process time was greater than 4 hrs. One factor that 
has not been considered in previous studies is the effect that a limited calcium content in 
relation to the specimen size would have on the removal of oxygen from titanium. 
Thermodynamically the starting salt concentration in the low calcium regime is optimised to 
keep the ratio of aCaO/aCa low, but as the process time increases the aCa will decrease due to 
the calcium being consumed during the calciothermic reduction. This has not been considered 
by other studies [8,63,65] because they have often used excessive calcium concentrations 
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to ensure that the aCa does not fall below the maximum of 0.995 and requires further 
investigation.  
 
5.4 Discussion 
5.4.1 X-ray diffraction analysis of the environmental effects 
 
The environment that was sealed within the reaction vessel during calciothermic reduction 
was shown to affect the deoxidation process. The inert gas environment had no effect, with 
the oxygen concentration decreasing as the process time increased as expected. However it 
was important to note that the interstitial oxygen concentration did not decrease immediately; 
a process time of 1 hr was required for the oxygen concentration to decrease to 2100 wt.ppm.  
 
In comparison, calciothermic reduction performed in an air environment caused the 
interstitial oxygen concentration to increase initially to 2600 wt.ppm at 0.5 hrs before 
decreasing once the process time was greater than 2 hrs. The initial increase in the oxygen 
concentration was caused by the air environment when the reaction vessel was placed in the 
furnace. During the heating of the reaction vessel, the Ti-6Al-4V samples would be absorbing 
oxygen from the environment before the reactants become molten and can begin to reduce the 
oxygen concentration. This occurs because titanium readily absorbs atmospheric oxygen at 
temperatures greater than 700°C [188], whilst the melting temperature of calcium and 
calcium chloride is 839°C and 772°C, respectively.  
 
The removal of oxygen by calciothermic reduction when the process time was less than 1 hr 
was limited in both environments before beginning to increase in efficiency. However, it is 
important to understand that the oxygen and nitrogen measurements obtained by inert gas 
fusion are average values obtained from the sample, therefore the effects of the reduction 
process on the interstitial concentrations at the surface cannot be determined via this 
technique. One method of assessing the effect of the reduction process at the surface is the 
use of x-ray diffraction since the penetration depth is limited to ~20 µm [141], depending on 
the mass absorption coefficient and the incident angle of the x-ray beam. As discussed in 
Section 2.2.3, any increase in the oxygen and nitrogen concentration would cause a lattice 
strain in the alpha titanium phase  that can be identified by the peak shift of the phase. 
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The peak positions of the alpha and beta phase were fitted using the Voigt function in 
Wavemetrics IGOR Pro and Figure 5.9 shows a good fit to the x-ray diffraction data. It 
should be noted that the intensity of the alpha (111) and (101) peaks were not accurately 
fitted due to program identifying the maximum intensity data points as outliners; however, 
this has a negligible effect on the measurement of the peak positions.  
 
 
Figure 5.9 - Wavemetrics IGOR pro fit of the Ti-6Al-4V surface after 0.5 hrs calciothermic 
reduction in an inert gas environment. The positions of the α and β peaks are labelled and 
indexed 
 
The samples calciothermically reduced in an inert environment displayed a shift of the alpha 
phase peaks to higher 2θ values, after 0.5 hrs indicated by Figure 5.10. For the air 
environment, the alpha phase peaks, Figure 5.11, underwent a peak shift depending on the 
process time. Although the movement of the α (101) peak may be indicative of the interstitial 
element concentration at the surface, analysis of multiple alpha phase peaks is required to 
determine the lattice parameters via Cohen’s method, which is discussed in Appendix C. The 
a and c lattice parameters of the alpha titanium phase were determined using the (100), (002), 
(101), (102), (110) and (103) α-Ti planes. 
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Figure 5.10 - XRD peak shift of α-Ti (101) plane after calciothermic reduction in an inert gas 
environment for process times 0.5-72 hrs  
 
Figure 5.11 - XRD peak shift of α-Ti (101) plane after calciothermic reduction in an air 
environment for process times 0.5-72 hrs 
 
Examination of the a and c parameters, shown in Figure 5.12, indicate that there is a change 
of the oxygen and nitrogen concentration at the surface of the Ti-6Al-4V specimens during 
calciothermic reduction. When the process is performed in the inert environment, the alpha 
phase displayed a decrease in the a and c lattice parameters, suggesting that the process 
lowers the interstitial oxygen concentration to a minimum at the surface and forms a 
concentration profile that aids with the diffusion of oxygen from the centre of the sample.  
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In comparison, the air environment resulted in an initial increase in the a and c lattice 
parameter followed by a decrease, which was more pronounced in the c parameter due to the 
dc/dη values for oxygen and nitrogen being an order of magnitude larger than da/dη as 
discussed by Montanari et al [49]. The large initial increase in the lattice parameters could 
be caused by an increased surface concentration of nitrogen and oxygen that diffused into the 
surface of the Ti-6Al-4V specimens due to the concentration gradients formed from the air 
environment. The values then decrease with the process time as the surface is depleted of 
oxygen by the calciothermic reduction process. It is important to note that oxygen and 
nitrogen are not the only interstitial elements that can change the lattice parameters of the 
alpha phase; for example, the inward diffusion of carbon as impurities from the reactants can 
affect the results. Consequently further analysis of the specimens will be required to confirm 
the formation of concentration profiles that are thought to aid the diffusion of oxygen from 
the Ti-6Al-4V sample during calciothermic reduction. 
 
 
Figure 5.12 - Lattice parameters of alpha phase titanium after calciothermic reduction in an 
air or inert environment against the process time (a) a lattice parameter (b) c lattice 
parameter; the error bars are ± 1 x 10
-4
 Å, associated with the uncertainty of the peak fitting 
 
The FIB-SIMS technique discussed in Chapter 4 was used to identify the concentration 
profile of oxygen in the Ti-6Al-4V specimens after calciothermic reduction in an air 
environment, because the change in lattice parameters can not distinguish the effects of the 
inward diffusion of nitrogen and the removal of oxygen. Figure 5.13(a) showed that the Ti-
6Al-4V specimen initially had a homogenous oxygen concentration profile at 
2400 ±150 wt.ppm throughout the cross section, but after 0.5 hrs of calciothermic reduction 
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in an air environment, oxygen had diffused from the surface into the specimen raising the 
average oxygen concentration in the specimen, which is detected by the FIB-SIMS technique. 
The oxygen concentration profile in the 0.5 hr specimen, displayed an increase throughout 
the specimen rather than a localised concentration increase at the surface. The short process 
dwell time of 0.5 hrs resulted in increased oxygen concentration throughout the specimen, 
suggesting that the time taken for the heating and cooling sequence is allowing oxygen and 
nitrogen to continue to diffuse at elevated temperatures. This is a concern for the experiments 
with a short process time, because the Ti-6Al-4V specimens may be spending more time at 
elevated temperatures, allowing the diffusion of interstitial elements, than the set process 
dwell time.  
 
 
Figure 5.13 – FIB SIMS oxygen quantification of Ti-6Al-4V specimens after calciothermic 
reduction in an air environment (a) process time 0-0.5 hrs (b) process time 8-72 hrs 
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Once the reactants are molten (t ~ 1 hr), calciothermic reduction occurs at the surface, where 
the interstitial oxygen would be directly reacting with the calcium to form the by-product 
calcium oxide that dissolves in the molten flux. This reaction would lower the oxygen 
concentration at the surface, causing a concentration gradient to form causing more oxygen to 
diffuse towards the surface and be removed. Furthermore the lowering of the oxygen 
concentration at the surface would increase the diffusivity of oxygen in alpha titanium, which 
would speed up the diffusion of oxygen through the specimen[63] and is discussed in more 
detail in the next section. 
 
As the process time increased, the surface oxygen concentration decreased until it reached its 
equilibrium concentration, which is determined by the activity ratio aCaO/aCa  [125]. Once the 
interstitial oxygen had reached its minimum concentration at the surface, the oxygen 
concentration gradient was at its maximum, driving the diffusion and deoxidation of the Ti-
6Al-4V specimens. From this point, the gradient of the concentration profile would decrease 
with the processing time until the bulk interstitial oxygen concentration is homogenous 
throughout the specimen, as shown by the 72 hr sample in Figure 5.13 (b). This agrees with 
other studies that have examined the diffusion of oxygen through beta phase titanium using a 
CaCl2 molten flux [63,65] and have demonstrated that an oxygen profile forms during 
calciothermic reduction. 
 
Since the formation of the oxygen concentration profiles are dictated by the surface 
concentration of oxygen, the thermodynamics of calciothermic reduction becomes important 
in understanding the process. However, the time required for the bulk interstitial oxygen 
concentration to homogenise throughout the specimen is dictated by kinetics. It is therefore 
important to compare the effects of thermodynamics against kinetics to begin to optimise the 
process for the removal of oxygen. 
 
5.4.2 Thermodynamic and kinetics of calciothermic reduction 
 
The equilibrium oxygen concentration in titanium during calciothermic reduction is dictated 
thermodynamically by the activity ratio aCaO/aCa, which is controlled by the starting salt 
composition. There has been disagreement in the literature about the optimum salt 
concentration for calciothermic reduction; Suzuki et al [8] suggested that using a salt 
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composition where the calcium concentration was below the saturation point in calcium 
chloride (3.5 mol% Ca) improved deoxidation efficiency because the molten flux would not 
form to separate layers of calcium and calcium chloride due to the difference in densities. In 
contrast, Han et al [137]suggested that the optimum starting salt composition for 
deoxidising beta titanium at 1000°C is ~15 mol% Ca/CaCl2 where the activity ratio was 
minimised to aCaO/aCa =0.1.  
 
This study shows that using a calcium content in excess of the saturation concentration is 
more effective at reducing the overall oxygen content in Ti-6Al-4V. The oxygen content was 
1900 and 500 wt.ppm for the 3.7 and 15.6 mol% Ca/CaCl2 experiments, respectively, after 
72 hrs, which was assessed to be the time required to reach equilibrium. This 15.6 mol% 
Ca/CaCl2 result is in agreement with Han et al [137], but when the thermodynamics of the 
3.7 and 15.6 mol% Ca/CaCl2 experiments are compared, the difference between the 
interstitial oxygen concentration should have been minimal. According to Equation 5.2, both 
salt concentrations should have an equal activity ratio caused by a calcium content above the 
saturation point, thereby setting aCa = 0.995 and a minimal calcium oxide content in the salt. 
 
One consideration is that the activity ratio is changing with the process time during 
calciothermic reduction. By using the measured interstitial oxygen concentration from the Ti-
6Al-4V samples at equilibrium after undergoing calciothermic reduction, the activity ratio 
can be identified for each salt composition at the end of the experiment using Equation 5.3, 
where the system is treated as a dilute solution and Henry’s law is obeyed. 
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The activity ratio was determined as 3.91 and 1.03 for the 3.7 and 15.6 mol% Ca/CaCl2 
experiments, respectively, as shown in Figure 5.14(a). The change in the activity ratio with 
the process time for these experiments is a direct reflection of the calcium concentration and 
calcium oxide in the molten flux, as dictated by Equation 5.4. 
 
         5.4 
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Where ai is the activity of the species i, xi is the mole fraction of the species in the solvent 
and γi is the activity coefficient. Therefore as the process time of calciothermic reduction 
increases the concentration of calcium in the molten flux will decrease as the reactant is 
consumed by the reaction, whilst the calcium oxide concentration will increase as it forms, 
resulting in the activity ratio increasing with time. Figure 5.14(b) highlights the difference 
between the starting salt compositions, the equilibrium oxygen concentration in the titanium 
specimen suggests that all the calcium in the molten flux for the 3.7  mol% Ca/CaCl2 has 
reacted causing the activity ratio to increase, but all the calcium in the 15.6  mol% Ca/CaCl2 
molten flux composition has not reacted during the reduction process resulting in the lower 
activity ratio. This corresponds with the observation that effervescence occurred during the 
water cleaning of the reaction vessels for the 15.6 mol% Ca/CaCl2 experiments but not for the 
3.7 mol% Ca/CaCl2, which is an indicator of calcium remaining in the salt composition after 
the reduction process [8]. 
 
 
Figure 5.14 - (a) Estimating the activity ratio (r = aCaO/aCa) of the molten flux from the 
oxygen concentration in the Ti-6Al-4V specimens after 72 hrs calciothermic reduction (b) 
predicted activity variation of calcium and calcium oxide during calciothermic reduction for 
the starting salt compositions of 3.7 and 15.6 mol% Ca/CaCl2 
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According to Equation 5.2, the equilibrium oxygen concentration is influenced by the process 
temperature. Thermodynamically, it is predicted that the interstitial oxygen concentration in 
beta titanium will increase with the process temperature; however our experiments displayed 
a decrease of the interstitial oxygen concentration. Figure 5.15 demonstrated that the 
reduction process is more effective as the temperature increased to 1100°C. 
 
The largest decrease in the oxygen concentration in relation to temperature was seen between 
1000 and 1050°C, near the beta phase transus of Ti-6Al-4V, which is ~995°C but this varies 
± 2-3°C with the exact alloy composition [140]. This was an effect that has not been seen 
before because all past calciothermic studies have been performed in the beta phase  region 
whereas the current study examined temperatures above and below the transus. Figure 5.15 
illustrated that there is an increased effectiveness of the process when the reaction 
temperature is above the beta phase transus. This occurs due to a combination of factors, 
including an increase in the chemical potential of oxygen from the alpha to beta phase, which 
makes deoxidation more favourable in the beta phase and also an increase in the diffusion 
coefficient of oxygen from the alpha to beta phase that aides in the removal of oxygen.  
 
 
Figure 5.15 - Effect of temperature on the interstitial oxygen concentration of Ti-6Al-4V after 
calciothermic reduction (24 hrs, 15.6  mol% Ca/CaCl2) 
 
Since calciothermic reduction is a diffusion based process, increasing the temperature 
resulted in an increase of the oxygen and nitrogen diffusion rate in titanium according to 
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Equation 5.5. The enhanced diffusivity aided the removal of oxygen because it increased the 
diffusion of oxygen to the surface where it reacted with the calcium, whilst raising the 
nitrogen concentration by accelerating the diffusion of nitrogen in from the surface.  
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This is of particular importance in these experiments because all the measurements of the 
oxygen and nitrogen concentration are taken from the centre of the Ti-6Al-4V specimens, so 
radial diffusion is only taken into account during this process. However when the temperature 
is increased, the accompanied increase of the diffusivity causes the equilibrium concentration 
to be reached faster according to Equation 5.6, aided by the effect of diffusion from the flat 
edges of the specimens combines with the radial diffusion , as shown in Figure 5.16.  
 
     
     
       (
 
 √  
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5.6 
 
 
 
Figure 5.16 – Schematic diagrams of the effect of temperature on the oxygen and nitrogen 
concentration gradients through the Ti-6Al-4V samples after 24 hrs of calciothermic 
reduction in an air environment 
 
By decreasing the specimen thickness, the time required for a homogenous oxygen and 
nitrogen concentration to be reached is reduced, as dictated by Equation 5.6. Varying the 
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sample thickness from 1 mm to 10 mm in our experiments demonstrated a large decrease in 
the oxygen concentration between the two samples at 24 hrs because equilibrium had been 
reached in the 1 mm samples, as shown in Figure 5.6. However, there was a limited 
difference between the oxygen concentrations of the 5 mm and 10 mm specimens, which 
highlights that the radial diffusion of the cut-out disc is only being measured during inert gas 
fusion because the effect of the oxygen concentration profile that forms from the flat surfaces 
is limited. The limited effect that the sample thickness had on the interstitial oxygen 
concentration for the 5 and 10 mm specimens was not reflected in the interstitial nitrogen 
measurements, where the nitrogen concentration increased as the sample thickness decreased. 
These results are currently unexplained and raise doubt on the 5 mm interstitial oxygen 
concentration measurements further experimentation will be required to clarify this. 
 
It is important to understand the effects of both thermodynamics and kinetics during 
calciothermic reduction, particularly if the process is to be scaled up to deoxidise larger 
components. The starting salt composition is the most effective means to control the 
thermodynamics of the process, however, since calciothermic reduction is a diffusion based 
process, the kinetics have a larger influence on the interstitial oxygen concentration 
throughout the Ti-6Al-4V specimen because they affect whether thermodynamic equilibrium 
is reached. 
 
5.5 Potential errors and limitations 
 
When examining the effect that the air environment has on the calciothermic reduction, there 
are limitations to the experiment that are of importance during the initial stages of the 
reduction process. When the process time was less than 0.5 hrs, it was postulated that the Ti-
6Al-4V specimen absorbed the oxygen from the air environment resulting in the increased 
interstitial oxygen concentration. An additional possibility is that during the heating of the 
reaction vessel some of the oxygen could have reacted with the calcium reactant before 
forming calcium oxide. Thermodynamically it is plausible for the oxygen in the air 
environment to react preferentially with the calcium, however this effect is thought to be 
limited due to the large surface areas of the commercial purity titanium reaction vessel and 
the Ti-6Al-4V samples that effectively act as getters. 
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The reaction vessel was fabricated from titanium instead of steel to limit the diffusion of 
impurity elements such as carbon and iron into the molten flux, which would have had a 
detrimental impact on the finished product. However, the commercial purity titanium reaction 
vessels would additionally have had an effect on the interstitial oxygen concentration in the 
Ti-6Al-4V samples during calciothermic reduction because the reduction process would be 
removing oxygen from the inside of the reaction vessel as well as from the specimen. One 
method to prevent this would be the use of a yttrium oxide (Y2O3) lining inside the reaction 
vessel similar to Bhagat et al [189]. This would not participate in the reduction process 
because yttrium has a higher chemical affinity to oxygen than calcium, therefore causing the 
reactants to only reduce the specimens. 
 
5.6 Conclusion 
 
The effectiveness of using calciothermic reduction to deoxidise MIM Ti-6Al-4V specimens, 
as well as the effects process time, temperature, specimen thickness and reaction vessel 
environment were examined in this study. Summarising the multitude of experiments, the 
following conclusions were drawn: 
 Calciothermic reduction has been successfully shown to deoxidise Ti-6Al-4V 
specimens in an inert gas environment with the interstitial oxygen concentration 
reduced from 2400 wt.ppm to a minimum of 500 wt.ppm, with a minimal increase in 
the nitrogen concentration resulting from the experiment setup. 
 Performing the deoxidation process in an air environment caused the interstitial 
oxygen concentration in the titanium specimens to initially increase because the 
reagents were solid until 842°C and no reduction could take place until they were 
molten. Once the salt composition had become molten, effective calciothermic 
reduction occurred and was deemed as effective as performing the process in an inert 
gas environment. 
 Deoxidation of Ti-6Al-4V via calciothermic reduction was shown to be a diffusion 
based mechanism that lowered the bulk interstitial oxygen concentration by the 
formation of an oxygen concentration gradient. The oxygen concentration was 
lowered to a minimum at the surface by the molten flux and then as the process time 
increased the concentration gradient decreased until the thermodynamic equilibrium 
was reached. 
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 Thermodynamics controlled by the salt composition were an important factor for 
setting the equilibrium oxygen concentration within the titanium, however kinetics 
were shown to be more important because the removal of oxygen was a diffusion 
based mechanism. This was highlighted by a decrease in the interstitial oxygen 
concentration as the temperature increased when according to the thermodynamics 
calciothermic reduction becomes less effective as temperature is increased. 
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Chapter 6 Calciothermic assisted immersion nitriding of Ti-
6Al-4V 
 
6.1 Introduction 
 
Ti-6Al-4V is used extensively in the aerospace and biomedical industries for its high strength 
to weight ratio, bio-compatibility and resistance to corrosion. However, it has poor 
tribological properties such as a high coefficient of friction, a susceptibility to fretting wear 
and the formation of aluminium and vanadium containing wear debris, which is biologically 
harmful [22,30]. 
 
One method to combat these failings is to coat or modify the titanium alloy with a layer that 
improves the surface properties. Plasma ion implantation of oxygen and nitrogen atoms in 
titanium alloys have not been sufficient to improve the tribological properties as the d-bond 
character of the surface has not changed and consequently the alloy system remains 
vulnerable to adhesive wear [70]. More successful techniques for improving the tribological 
properties such as physical and chemical vapour deposition have coated titanium components 
in a nitride or carbide layer [74,75] but these methods have limitations, including poor 
adhesion between the substrate and coating as well as an inability to produce uniform 
coatings on complex shapes.  
 
Due to these weaknesses thermal oxidation has been examined as a method to improve the 
tribological properties of titanium alloys by using controlled gas environments to develop 
strongly adhered surface coatings on complicated shapes. Dong et al [80] demonstrated that 
the tribological properties of titanium alloys could be improved by exposing the alloys to a 
controlled environment of oxygen and nitrogen at elevated temperatures; by carefully 
controlling the thermal exposure of Ti-6Al-4V in an air environment, a wear resistant surface 
coating might be produced. Currently this has not been successful because Ti-6Al-4V forms a 
brittle Al2O3 scale at the gas/ oxide interface with a TiO2 layer underneath, when exposed to 
an air environment at 650-800°C for a prolonged time [85]. 
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The previous chapter examined how calciothermic reduction could be used to lower the bulk 
oxygen concentration of metal injection moulded Ti-6Al-4V rods, in an air and inert gas 
environment. When the reaction was performed in a sealed air environment the titanium 
samples formed an adherent surface layer, which has not been previously reported. This 
chapter will investigate the phenomena further and examine the formation of the surface 
coating and understand the chemical mechanism that causes the layer formation. 
Furthermore, the mechanical properties of the surface layer will be examined to ascertain 
whether it improves any tribological properties of Ti-6Al-4V. This investigation will focus on 
calciothermic reduction undertaken in a sealed air environment, described in Section 3.2 with 
a salt composition of ~16 mol% Ca/CaCl2 at 1000°C for varying process times, unless 
explicitly stated otherwise. 
 
6.2 Results 
6.2.1 Surface layer morphology 
 
Secondary electron imaging using a FIB was performed on the surface of all the 
calciothermically reduced titanium samples and Figure 6.1 showed the change of morphology 
with the processing time. There was an initial change in the surface morphology from a fine 
grain structure to a larger equiaxed grain when the process increased from 0.5 hrs to 1 hr 
followed by a continued coarsening of the grains from 1-24 hrs. When processing times 
greater than 24 hrs were used the surface layer did not form, as seen in the 72 hr specimen. 
 
The change of the surface layer and the surface morphology is more pronounced when the 
surface layer is examined using FIB cross sections, shown in Figure 6.2. The starting Ti-6Al-
4V specimen had no surface layer but the layer forms during 0.5 hrs then decreases in 
thickness from 2.5 µm to 0.5 µm between 0.5 hrs and 1 hr respectively. For times longer than 
1 hr the surface layer thickness continued to increase with the process time, as shown in 
Figure 6.2. The collage of FIB cross sections suggest that a significant change occurs in the 
surface layer between 0.5 and 1 hrs. 
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Figure 6.1 - Secondary electron images (FIB) of the surface morphology of the specimens 
calciothermically reduced for 0.5 hrs, 1.0 hr, 2 hrs, 4.0 hrs, 24.0 hrs, 72 hrs 
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Figure 6.2 - 30° tilted FIB cross sections of Ti-6Al-4V specimens calciothermically reduced 
for 0.5 hrs, 1.0 hr, 2 hrs, 4.0 hrs, 24.0 hrs, 72 hrs 
 
Optical micrographs of the Ti-6Al-4V samples as the process time increases, shown in Figure 
6.3, display a gradual change of the microstructure as the process time is increased. There is 
an initial formation of a surface layer at 0.5 hrs, followed by the development of alpha phase 
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grains underneath the surface layer that begin to coarsen and coalesce as the process time 
increases. The alpha phase grains continue to develop until after 24 hrs. At this point the 
coarsened alpha phase begins to form a distinct alpha-case layer and the separate surface 
layer is no longer visible. 
 
 
Figure 6.3 – Light microscopy of the Ti-6Al-4V surface microstructure for 0.5 hrs, 4 hrs, 
24 hrs, 72 hrs. 
 
The development of alpha grains underneath the surface layer suggests the diffusion of alpha 
phase stabilisers into the Ti-6Al-4V specimens as the process time increases. Chapter 5 
discussed how the calciothermic reduction process is lowering the bulk interstitial oxygen 
concentration by removing oxygen at the surface. Therefore, in this system the only alpha 
stabilising elements that can be diffusing into the titanium alloy are carbon and nitrogen. This 
suggests that the formation of the surface layer during calciothermic reduction is a complex 
reaction that involves the diffusion of multiple interstitial elements throughout the process 
and will require more detailed chemical analysis to ascertain the reaction mechanism that is 
occurring. 
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6.2.2 Chemical analysis and formation of the surface layer 
 
X-ray diffraction of the surface layer at varying process times, shown in Figure 6.4, identified 
the surface layer as a face centred cubic crystal structure. As the process time increased, the 
intensity of the cubic peaks grew, which coincided with the interfacial layer increasing in 
thickness from 2.5 µm at 0.5 hrs to over 6 μm after 24 hrs. This also coincided with a 
decrease in the intensity of the (110) beta-phase titanium peak with respect to the process 
time, which suggested the alpha-phase is being stabilised underneath. When the process time 
was greater than 24 hrs the cubic peaks from the x-ray diffraction pattern were no longer 
observed, which suggested the interstitial elements of the surface layer had diffused into the 
bulk Ti-6Al-4V substrate [31] or dissolved into the molten flux. The stabilisation of the 
alpha phase due to the diffusion of carbon and nitrogen into the titanium samples causes an 
expansion of the lattice parameters [49], which results in the movement of the alpha phase 
titanium peaks as discussed in Section 5.4.1. Furthermore as the process time increased 
calcium carbonate was detected, which is proposed to have formed as a side reaction due to 
the carbon contamination from the calcium reactant and has been observed in other studies 
[8]. 
 
Rietveld refinement identified the surface layer as a non-stoichiometric variant of TiCxNyOz, 
but the exact composition cannot be easily determined because carbon, nitrogen and oxygen 
occupy interstitial sites in a cubic B1 NaCl structure, which allows any of these atoms to be 
interchangeable in a Ti1-xOx, Ti1-xNx or Ti1-xCx cubic crystal structure [190,191]. Therefore, 
analysing the reaction mechanism that occurs during the formation of the surface layer will 
require the use of techniques that can identify specific elements, such as energy dispersive 
spectroscopy and x-ray photoelectron spectroscopy. 
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Figure 6.4 – X-ray diffraction pattern of surface layer for varying process times using 
16 mol% Ca/CaCl2  
 
Chemical maps of the surface layer using energy dispersive spectroscopy, shown in Figure 
6.5, displayed a localised increase of carbon, nitrogen and some oxygen within the layer, 
which agreed with the x-ray diffraction pattern and indicated the surface layer composition 
was a variant of TiCxNyOz. 
 
 
Figure 6.5 - EDS chemical map of the surface layer after a processing time of 24 hrs and 16.0 
mol% Ca/CaCl2 ratio (a) SEI (b) carbon (c) nitrogen (d) oxygen 
 
-150- 
 
However, the chemical mapping did not have the resolution to detect the change in chemical 
composition for the different surface layers, consequently qualitative measurements were 
taken by performing a point scan at varying distances from the surface. The point scan used 
longer measuring times for each spectrum, which produced higher intensities and allowed the 
difference in the chemical composition to be identified. Figure 6.6 shows qualitative 
measurements of carbon, nitrogen and oxygen with each data point taken as an average from 
multiple spectra at the same distance from the surface with the standard deviation of the 
spectra shown by the error bars. Quantitative measurements could not be made due to the 
inherent difficulties with measuring light elements using EDS and also due to the known 
overlap between the N- K1 and Ti-L1 peaks. 
 
 
Figure 6.6 - EDS point analysis of carbon, nitrogen and oxygen across the cross section of the 
Ti-6Al-4V samples at 0.5, 1, 2 and 72 hrs of nitriding 
 
The spectra from the surface layers suggest three distinct stages during the formation of the 
TiCxNyOz, during the nitriding process. Initially the surface layer that formed at 0.5 hrs 
consisted mostly of carbon and a small amount of oxygen within 3 µm of the surface, then as 
the processing time increased, nitrogen was detected in the surface layer which coincided 
with the oxygen intensity decreasing until the intensity was comparable to the background 
noise. As well as an increase in the nitrogen intensity at the surface, indicative of the surface 
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layer, there was a lower, but significant, intensity of nitrogen detected underneath indicating 
that nitrogen is stabilising the alpha phase. After a process time of more than 24 hrs, low and 
consistent carbon and nitrogen concentrations were identified up to 20 µm into the metal 
suggesting a large alpha-case layer formed in preference to a separate interfacial layer, shown 
in the optical micrographs in Figure 6.3. 
 
The use of energy dispersive spectroscopy for measuring light elements has its limitations for 
a variety of reasons, including the overlap of certain peaks as mentioned earlier. The overlap 
of peaks is an important issue because it limits the precision of measuring these elements and 
also prevents the measurement of other elements. As a result x-ray photoelectron 
spectroscopy (XPS) was performed at the University of Manchester to validate the EDS point 
scan results and also to identify any other elements in the surface layer. Figure 6.7 shows the 
characteristic peaks of the surface layer consist of carbon, nitrogen, oxygen and titanium as 
expected from the EDS results. The spectra all had high contributions of carbon, a result of 
the surface contamination from handling and storage, which is detected by the technique 
because it measures the chemical state of the elements within 10 nm of the surface. 
 
 
Figure 6.7 – X-ray photoelectron spectroscopy spectra of the surface layer for varying 
process times using 16 mol% Ca/CaCl2 
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The x-ray photoelectron spectra of the surface layer identified the expected elements, but it 
also detected calcium, which is indicated by the Ca 
2p
 and Ca
2s
 peaks with binding energies 
within the range of 345-355 eV and 438-440 eV. The calcium could not be detected by EDS 
due to the overlap of the Ca-L1 and N-K1 peaks. The identification of calcium by XPS could 
be caused by the diffusion of calcium into the surface coating or the incorporation of calcium 
carbonate into the surface layer. When the intensities of the surface elements were compared 
to the process time, shown in Figure 6.8, it could be seen that there is a change in the 
chemical composition involving the diffusion of carbon, nitrogen and oxygen. The C
1s
 
intensity remained constant throughout the processing time, whilst the intensity of the O
1s 
peak at the surface layer increased rapidly before decreasing to the background level. In 
comparison, the intensity of the N
1s
 peak slowly increased with the processing time before 
decreasing with the process time. The Ca
2p
 intensity, unlike the C
1s
, O
1s
 and N
1s
, peaks started 
with a high intensity before decreasing to a minimum at 2 hrs and then increasing 
continuously with the process time. 
 
 
Figure 6.8 – XPS analysis of carbon, nitrogen, oxygen and calcium from the surface layer as 
the nitriding time changes from 0.5-72 hrs. 
 
The use of x-ray diffraction, energy dispersive and x-ray photoelectron spectroscopy 
highlight that the formation of the surface layer during calciothermic reduction when 
performed in an air environment is a process that involves the diffusion of the interstitial 
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elements and will be defined from here onwards as the calciothermic assisted immersion 
nitriding (CAIN) process. 
 
The CAIN process produces the complex compound titanium oxycarbonitride, (TiCxNyOz), 
where the exact chemical composition varies with the process time. Oxycarbonitrides have 
been known to improve the tribological properties of titanium alloys due to their increased 
hardness and ability to change the wear mechanisms. To validate this statement the 
tribological properties need to be investigated for the surface layers produced by the CAIN 
process to ascertain whether these improvements have occurred. 
 
6.2.3 Wear properties  
 
The surface layers produced by the CAIN process were tested using a reciprocating wear test 
to assess if there was an improvement of the tribological properties. After each reciprocating 
test was performed the test position was examined using optical microscopy to assess if the 
surface layer had been penetrated. Figure 6.9 showed that the wear testing partially broke the 
coating for the 0.5 hr process time and completely penetrated the layer at 1 hr; however, for 
process times greater than 1 hr the surface coating was not broken as shown by the 2 hr 
process time surface layer.  
 
Figure 6.9 - Optical micrographs of the CAIN produced surface layer from different process 
times after reciprocating wear testing 
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The partial and complete breakdown of the surface coating for the 0.5 and 1 hr sample were 
examined using the coherence interferometer to determine the dimensions of the wear scar 
that had formed. Figure 6.10 demonstrates the effect that the surface layer had on improving 
the wear properties even when the surface layer was broken down. The wear scar area was 
assessed by integrating the area below the median depth of the surface (0 µm) using the 
trapezoidal rule, which identified the wear scar area as 109.3 mm², 79.7  mm², and 88.7 mm², 
for the untreated Ti-6Al-4V surface and the surface layers after 0.5 and 1 hrs of processing 
time. This reinforced what could be seen in the optical micrographs, a larger wear scar was 
produced in the 1 hr surface layer than in the 0.5 hr layer because of the complete penetration 
of the surface layer. By comparing the wear scars between the untreated Ti-6Al-4V and the 
nitrided samples, the TiCxNyOz surface layer improved the wear resistance. However, further 
examination of the tribological properties, such as the coefficient of friction, are required to 
assess how the development of the surface layer affects the wear resistance. 
 
 
Figure 6.10 - Surface profile of the wear scars from the machined Ti-6Al-4V sample and the 
surface layer after 0.5 and 1 hr processing time 
 
The friction coefficient was measured as a function of wear test cycles to assess the 
tribological properties of the surface layer formed by CAIN. Figure 6.11 shows the nitrided 
specimens have a lower friction coefficient than the uncoated Ti-6Al-4V. This reduction in 
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friction is an indication of improved wear resistance and results from the substrate not being 
immediately exposed. The coefficient of friction for the uncoated Ti-6Al-4V was measured 
as an average of 0.89 with a standard deviation of ± 0.03, whilst a CAIN specimen had an 
average coefficient of friction values as low as 0.59 ± 0.03. The specimens with the surface 
layer had an increased wear resistance however the effectiveness of this wear resistant layer 
was related to the CAIN process time with the specimen coating failing if the calciothermic 
process time was below 1 hr.  
 
The initial coefficient of friction for the 0.5 - 1 hr surface layers was lower than the uncoated 
titanium alloy, but then it increased and finally then reached a steady state value for the 
remainder of the test. For these process times the surface layer initially lowered the 
coefficient of friction but as the test proceeded, the surface layer broke down resulting in a 
gradual increase in friction until the upper ball specimen came in contact with the Ti-6Al-4V 
substrate. 
 
 
Figure 6.11 - Coefficient of friction against the number of cycles for Ti-6Al-4V specimens 
nitrided for varying process times; error bars are the standard deviation of the 11 point 
average 
 
The breakdown of the surface layer was related to the layer composition and its thickness. 
The reduction of thickness in the surface layer that occurs between 0.5 – 1 hr, caused the 
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surface layer to be breached after fewer cycles and resulted in a higher coefficient of friction 
for the 1 hr process time. Once the surface layer had been breached, the coefficient of friction 
remained at a stable value that was below the uncoated Ti-6Al-4V value. This was due to the 
reduced size of the wear scar combined with the presence of residual TiCxNyOz within the 
worn region of the substrate, which subsequently provided a degree of lubrication and 
reduced the metal-to-metal contact [192]. As shown in Figure 6.11 the tribological 
properties of the surface layer vary with the nitriding process time, which reinforces the 
importance of understanding how the surface layer forms as it directly affects the surface 
mechanical properties 
 
6.3 Discussion 
6.3.1 Surface layer formation 
 
The x-ray diffraction pattern of the face centred cubic phase was examined using IGOR Pro 
to assess the movement of the peaks and identify how the surface layer composition changed 
with the process time. The peaks were fitted individually with the Voigt function and the 
change of 2θ converted into a lattice parameter. By assuming that the entire interfacial layer 
had undergone a stoichiometric reaction and the change of the lattice parameter for the 
interfacial layer was directly related to the process time, shown by Figure 6.12, this reaction 
mechanism relied on the mass transport of the interstitial elements carbon, nitrogen and 
oxygen.  
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Figure 6.12 – Comparison between lattice parameter of the surface layer and the nitriding 
process time 
 
Figure 6.12 shows the unit cell dimension of the surface layer was initially high, before it 
sharply decreased to a minimum and then increased with the CAIN process time. These 
changes suggest a three stage reaction is occurring, with each stage dependent on the 
concentration of the interstitial elements. This is similar to A. Jha et al [193] who postulated 
a three stage reaction for producing titanium carbonitride (TiCN) via the carbothermic 
reduction of titanium dioxide in a nitrogen environment. 
 
A. Jha et al proposed that when titanium dioxide was reduced with carbon, the partial 
pressure of oxygen was lowered resulting in the formation of lower oxygen containing 
oxides. If this process was performed in a nitrogen containing atmosphere the excess carbon 
and nitrogen would react with the non-stoichiometric phase Ti3O5 to form titanium 
carbonitride and carbon monoxide as shown in Equation 6.1 
 
     ( )  (    ) ( )  
  
 
  ( )         ( )     ( ) 
6.1 
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The formation of the non-stoichiometric Ti3O5 phase is an important intermediate reaction 
and highlights the oxygen partial pressure has to fall low enough before the nitriding reaction 
occurs. The titanium carbonitride that formed developed in a three stage process, as shown in 
Figure 6.13(a). Initially in regime I, the titanium carbonitride approached the titanium carbide 
equilibrium composition because of the carbothermic reduction that lowered the O2 and N2 
partial pressures resulting in an increased lattice parameter. As the reaction progressed, the 
formation of the carbon rich titanium carbonitride reacted with the Ti3O5 which caused 
oxygen to replace carbon in the interstitial sites of the titanium carbonitride, resulting in the 
drop of the lattice parameter defined as regime II. In regime III, once the overall oxygen 
content of the carbothermic product is reduced low enough the carbon dissolution in titanium 
carbonitride recommences resulting in an increase in the lattice parameter. This reaction 
mechanism relies on the lowering of the O2 partial pressure in the titanium via a reductant 
and maintaining a constant N2 partial pressure in the atmosphere that enables the formation of 
titanium carbonitride that is dictated by the calculated predominance diagram, shown in 
Figure 6.13(b). 
 
 
Figure 6.13 - (a) Variation of lattice parameter with processing time (b) calculated 
predominance area diagram for stable phases at 1573 K in the TiCN system adapted from 
A.Jha et al [193]. 
 
By assuming a similar reaction mechanism occurs during the calciothermic reduction in an 
air environment, the surface layer formation can be determined. During Stage I of the CAIN 
process when t < 0.5 hrs, the Ca and CaCl2 reactants had insufficient time to reach their 
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melting points so were still solid, resulting in two potential reaction mechanism for the initial 
surface layer formation. The first mechanism proposed involves the simultaneous diffusion of 
oxygen from the sealed air environment and carbon, from carbon dust contamination from the 
calcium and calcium chloride reactants into the sample. The combination of oxygen diffusing 
into the samples and reacting with carbon produced TiCxOy at the interfacial layer given by 
Equation 6.2.  
 
Ti-O interstitial +C →TiCxOz 6.2 
 
However, this mechanism could be competing with the reaction proposed by Bhagat et al 
[194] where the formation of calcium carbonate is causing the incomplete formation of 
titanium carbide with oxygen, shown in Equations 6.3 and 6.4. The extent of this mechanism 
is thought to be limited because it relies upon the formation of calcium carbonate, which is 
not detected by x-ray diffraction pattern when the processing time is less than 0.5 hrs. 
 
CO2 + CaO → CaCO3 6.3 
CaCO3 + Ti  →TiCxOz + CaO 6.4 
 
Once the reactants were molten (t > 0.5 hrs), the oxygen concentration was lowered at the 
surface via the reduction process, which allowed nitrogen from the enclosed air environment 
to preferentially diffuse into the samples. This preferential diffusion resulted in Stage II of the 
process and caused the formation of an intermediate phase of TiCxNyOz shown in Equation 
6.5. Once the oxygen concentration had been sufficiently depleted at the surface, the 
intermediate phase of TiCxNyOz reduced to TiCxNy, as per Equation 6.6, which caused the 
lattice parameter to decrease to a minimum. 
 
2TiCxOz + N2 → 2TiCxNyOz 6.5 
TiCxNyOz + Ca →TiCxNy +CaO 6.6 
 
Stage III is characterised by the lattice parameter continuing to increase with the process 
time (t > 4 hrs). It has been demonstrated that a similar phenomenon occurs during the 
carbothermic formation of TiCN, whereby the continued dissolution of carbon into the 
formed surface layer causes the cubic lattice parameter to increase [195]. However, there is 
-160- 
 
not an excessive amount of carbon in the system during the nitriding process; therefore, it is 
postulated the lattice parameter increase of the surface layer is related to the use of calcium in 
the reduction process. Hodroy et al [196] have shown the doping of calcium in titanium 
nitride layers causes a progressive increase in the lattice parameter due to calcium 
substituting for Ti in the cubic crystal structure. As a result, an increasing nitriding process 
time causes more calcium to diffuse into the surface of the samples resulting in the continued 
increase of the lattice parameter in the surface layer. 
 
The final stage of the mechanism occurs after 24 hrs of processing time when the surface 
layer is no longer present, which was identified by the lack of TiCxNyOz peaks in the x-ray 
diffraction pattern for the samples that had undergone 48 and 72 hr reaction times. Ti-6Al-4V 
samples that were nitrided for more than 24 hrs had progressive inward diffusion of carbon 
and nitrogen into the titanium specimen causing the dissolution of the surface layer and the 
formation of a large alpha-case layer in preference to a separate interfacial layer, which is 
supported by the optical micrographs in Figure 6.3. 
 
Overall the reaction mechanism proposed by the change of lattice parameter is corroborated 
by the energy dispersive spectroscopy of the surface layer shown in Figure 6.6 and follows a 
principle of preferential diffusion that has been used to form other titanium coatings by gas 
diffusion [92]. However, this proposed mechanism has only been determined by fixing 
multiple parameters of the CAIN process. Considering that the formation of the surface layer 
involves a complex reaction, it is important to assess the effect of other parameters on the 
diffusion based process. 
 
6.3.2 Effect of the calciothermic reduction process on the surface layer formation 
 
The previous chapter discussed how the removal of interstitial oxygen was affected by 
multiple parameters such as the molten flux composition, processing time and temperature. 
The effect of these parameters on the surface layer formation is examined systematically in 
this section by fixing each set of parameters. The effect of the molten salt concentration on 
the surface layer was initially examined because of its impact on the removal of interstitial 
oxygen as an important factor of the CAIN process. Calciothermic reduction experiments 
were performed in an air environment on 10 mm thick MIM Ti-6Al-4V specimens with 
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Ca/CaCl2 ratios of 3.5 and 48.1 mol%, at 1000°C to mimic the experiments performed in the 
previous chapter.  
 
Examination of the surface layer lattice parameters via x-ray diffraction, shown in Figure 
6.14, demonstrated that the molten salt composition had little effect on the chemical 
composition of the surface layer. The change of the surface layer lattice parameter with 
respect to the processing time is similar for all the molten salt concentrations, suggesting the 
three stage reaction mechanism is independent of the amount of interstitial oxygen removed 
from the bulk Ti-6Al-4V samples. When calciothermic reduction was performed with a 
molten salt concentration of 3.5 mol% Ca/CaCl2 the interstitial oxygen concentration was 
only reduced to a maximum of 1900 wt. ppm, whilst in the 16 and 42.5 mol% Ca/CaCl2 
experiments, it was lowered to 1500 wt. ppm after 24 hrs of reduction. This suggests that for 
the inward diffusion of carbon and nitrogen to occur as a part of the three stage reaction 
mechanism, only the surface 10-20 µm needs to have the oxygen concentration reduced for 
this reaction mechanism to occur. 
 
 
Figure 6.14 - Comparison of the surface layer lattice parameter for varying Ca/CaCl2 molten 
flux compositions at different processing times 
 
If the removal of oxygen at the surface is important for the inward diffusion of carbon and 
nitrogen then the temperature of the reduction process will have an important effect on the 
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chemical composition of the surface layer. The effect of the temperature on the surface layer 
was only briefly examined in this study, and to assess the effects, calciothermic assisted 
immersion nitriding was performed on MIM Ti-6Al-4V samples with molten salt 
compositions of 16 mol% Ca/CaCl2 at additional temperatures of 950 and 1050 °C for 24 hrs. 
When examining the effect of temperature on the chemical composition of the surface layer 
formation, it was thought the change in temperature will not affect stage 1 or 2 of the reaction 
mechanism because their time frames (0.5-2 hrs), limits the potential for the temperature to 
have major effects on the diffusion of interstitial species.  
 
The change of temperature is thought to have its greatest effect on stage 3 of the reaction 
mechanism because of the prolonged exposure to the elevated temperature. The surface layer 
formation was identified for all experimental temperatures, although closer examination 
using x-ray diffraction highlighted a shift in the face centred cubic peak positions with an 
increasing temperature, as shown in Figure 6.15. The shift in the 2 theta position indicates the 
lattice parameter is increasing with the processing temperature and, in addition, the intensity 
of the peaks from surface layer is decreasing accordingly.  
 
 
Figure 6.15 - X-ray diffraction patterns of surface layers formed at varying temperatures with 
a processing time of 24 hrs and molten salt composition of 16 mol% Ca/CaCl2 
 
From the peak shift, the lattice parameter was identified as 4.24 Å, 4.26 Å and 4.28Å for the 
temperatures 950, 1000 and 1050°C respectively. This highlights that increasing the 
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temperature, has a direct effect on the chemical composition during stage 3 of the reaction 
mechanism. At 950°C after 24 hrs, the lattice parameter had not increased from the minimum 
lattice parameter, of 4.24Å reached at 2 hrs (Figure 6.12), suggesting there has been limited 
diffusion of calcium into the surface layer during stage 3 of the reaction mechanism. Whilst 
at 1050°C the lattice parameter increased to a maximum of 4.28 Å indicating that more 
calcium had diffused into the surface layer than at lower temperatures. Furthermore, 
increasing the temperature had the effect of accelerating the dissolution of the surface layer 
into the bulk titanium as observed at prolonged process times (t >24 hrs; T = 1000°C), which 
was reflected by the decreasing peak intensity of the face centred cubic phase. 
 
The effect of the molten salt composition and the temperature were shown to have varying 
effects on the chemical composition during the surface layer formation. By understanding the 
chemical formation of the surface layer, it aids the explanation of the wear mechanism and 
why the formation of this surface layer improves the tribological properties. 
 
6.3.3 Development of mechanical properties 
 
The three stage reaction mechanism that occurs during the formation of the surface layer 
involved the complex interaction of interstitial elements diffusing into and out of the surface. 
The effect of changing the chemical composition on the tribological properties was examined 
by comparing the average steady state coefficient of friction for the surface layers at different 
processing times, as shown in Figure 6.16. The steady state was assumed after 5000 cycles 
and the average coefficient of friction was taken between 5000-45000 cycles. The standard 
deviation of the coefficient of friction was taken as the error bars in Figure 6.16. 
 
The surface layer formed at 0.5 hrs shows a drop in the coefficient of friction when compared 
to the Ti-6Al-4V surface. As we now understand there is a change in the chemical 
composition of the surface layer between 0.5 hrs – 1 hrs from                . This 
chemical reaction caused a reduction in the surface layer thickness, and subsequently the 
coating formed after 1 hr is completely broken during testing resulting in an increase in the 
average coefficient of friction, as discussed in Section 6.2.3. As the processing time increases 
from 2 hrs, the coefficient of friction decreases exponentially, with the exception of the 2 hr 
sample that is thought to be an anomaly.  
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Figure 6.16 - Average coefficient of friction for the surface layer against varying processing 
times for the calciothermic process at 1000°C and 15.6 mol% Ca. 
 
The increased wear resistance caused by the surface layer was investigated using secondary 
electron microscopy and energy dispersive spectroscopy, with the aim of ascertaining how 
the wear mechanism changes. Energy dispersive spectroscopy of the wear scar for the 
uncoated Ti-6Al-4V surface, shown in Figure 6.17(a), displayed a high concentration of 
oxygen and iron in the scar, suggesting material had transferred from the steel ball to the Ti-
6Al-4V substrate. This was further compounded by the formation of a red tinted oxide around 
the wear scar, which is thought to be iron oxide formed by the high temperatures reached at 
the junctions during testing. The ductility and high chemical activity of the exposed titanium 
causes junctions to readily form between the ball material and the surface as sliding contact 
occurs. The junctions formed tend to have a higher adhesive strength than the ball material 
surface resulting in a rupture at a weak point of the ball surface, causing a transfer of material 
to the titanium substrate [197]. The repeated formation and breaking of these junctions on 
the titanium surface effectively wears the titanium surface away, causing a scar to form. 
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Figure 6.17 - (a) Energy dispersive spectroscopy of Ti, Fe and O of the uncoated Ti-6Al-4V 
wear scar (b) Energy dispersive spectroscopy chemical map of Ti, Fe and O of the 1 hr 
nitrided wear scar 
 
In comparison, the calciothermic treated specimens had no obvious signs of adhesive wear, 
and the EDS analysis of the wear scar showed limited transfer of material between the steel 
ball and the coating, Figure 6.17(b). Since the contact between the surface layer and ball 
during the reciprocating test is a ceramic/metal interface, the potential for adhesive wear is 
largely prevented because of the low metallurgical compatibility between the carbonitride 
layer and the steel surface. This, combined with the decreased deformability of the surface 
layer on the Ti-6Al-4V, prevents the formation of junctions and effectively changes the wear 
mechanism from adhesion to abrasion. The abrasive wear mechanism causes material to be 
removed by the harder and rougher surface, which in this case is the titanium carbonitride 
surface layer, and produces wear debris from the softer surface. This wear debris produced 
from the steel ball can be seen to be deposited around the outside of the wear scar, indicating 
that the abrasive mechanism occurring is ploughing, which causes material to be displaced to 
side. The change in the wear mechanism to abrasion effectively protects the bulk Ti-6Al-4V 
properties and causes a vast improvement in the tribological properties that can be seen when 
comparing the wear scar sizes and coefficients of friction between nitrided and non-nitrided 
Ti-6Al-4V samples. However, it does not explain why there is a continued improvement of 
the tribological properties as the process time is increased from 1 hr.  
 
The change in the chemical composition of the surface layer, from                , 
between the processing time of 1-2 hrs, does not change the wear mechanism. Therefore the 
decrease of the coefficient of friction is not thought to be an effect of the removal of 
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interstitial oxygen from the surface layer. The continued improvement of the tribological 
properties is caused by the development of macroscopic surface properties that change as the 
processing time increases. Examination of the roughness of the surface layer with respect to 
the processing time demonstrated a linear increase from 2 hrs to a maximum roughness at 
24 hrs, as shown in Figure 6.18.  
 
 
Figure 6.18 - Measurement of the roughness (Ra and RMS) of the surface layer with respect 
to the process time 
 
The surface roughness has an important effect on the coefficient of friction in Ti-6Al-4V, 
where it has been demonstrated that in dry fretting conditions increasing the surface 
roughness in Ti-6Al-4V produced a reduction in the coefficient of friction [198]. However, 
this comes at the expense of the activation energy for the formation of adhesive junctions 
being lowered, which results in an increased wear rate.  
 
The increasing surface roughness with the processing time, is caused by two different effects 
that occur during the thermal processing of surface layers. When the processing time is kept 
to a minimum (t < 8hrs), the layer increases in thickness and develops at the initial machining 
marks of the surface, shown in Figure 6.19 which causes a larger gap between the peaks and 
troughs resulting in an increased surface roughness. Then once the processing time is 
increased above 8 hours, the grains in the surface layer begin to coalesce and coarsen forming 
regions with the cubic TiCxNyOz structure with Ti-6Al-4V underneath, causing a large 
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surface roughness because of the associated surface morphology change displayed in Figure 
6.20. 
 
 
 
Figure 6.19 - Optical profile of the surface at x10 magnification of (a) untreated Ti-6Al-4V 
(b) 2 hrs process time Ti-6Al-4V 
 
 
Figure 6.20 - Secondary electron image (FIB) of the surface after 24 hrs nitriding time 
 
By understanding how the wear mechanism changes with the formation of the surface layer 
and how the tribological properties are affected by the processing time, calciothermic assisted 
immersion nitriding could be used as a final step process to improve the tribological 
properties of metal injection moulded titanium components. To test the effectiveness of the 
titanium carbonitride layers formed by the CAIN process to current industrial processes, wear 
tests were performed on a PVD TiCN coating commercially produced by Teer Coatings Ltd 
UK. As Figure 6.21 shows, the coefficient of friction for the 24 hr CAIN treated specimen 
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was comparable to the commercially produced coating that had a stable coefficient of friction 
of 0.594 ± 0.1, which highlights the potential for this processing method for forming surface 
layers. The process could ideally be used for coating titanium alloy biomedical implants 
because the formation of a surface layer prevents the formation of aluminium and vanadium 
containing wear debris. Furthermore calciothermic assisted immersion nitriding is a diffusion 
based process that allows complex geometries to be coated evenly and also incorporates 
calcium into the surface layer that improves the long-term bio-compatability of the 
biomedical implant [199]. 
 
 
Figure 6.21 - Coefficient of friction verses number of cycles comparing the surface of 
uncoated Ti-6Al-4V, CAIN and PVD coated Ti-6Al-4V; error bars are the standard deviation 
of the 11 point average 
 
6.4 Conclusion 
The formation of an interfacial surface layer during calciothermic reduction of Ti-6Al-4V in 
a sealed air environment was investigated in this chapter in a process referred to as 
Calciothermic Assisted Immersion Nitriding. This study identified the reaction mechanism 
for the formation of this layer and examined how it improved the tribological properties of 
the titanium alloy. To summarise, the main conclusions of this chapter are as follows: 
 Performing calciothermic reduction in a sealed environment caused the formation of 
the complex compound titanium oxycarbonitride, TiCxNyOz, with the removal of 
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interstitial oxygen and the preferential inward diffusion of carbon and oxygen at the 
surface of the titanium alloy. 
 The chemical composition of the surface layer varied with the processing time and 
was identified using a combination of chemical analysis techniques. The surface layer 
underwent a three stage reaction mechanism. In Stage 1 impurity carbon from the 
reactants diffuses into the surface and reacts with the interstitial oxygen; at Stage 2 the 
calciothermic reduction removes the interstitial oxygen from the surface, allowing the 
preferential diffusion of nitrogen in the surface layer; finally in Stage 3 molten 
calcium begins to diffuse into the surface layer substituting for the Ti atoms. 
 
Ti-O interstitial +C →TiCxOz       Stage 1 
2TiCxOz + N2 → 2TiCxNyOz       Stage 2 
TiCxNyOz + Ca →TiCxNy +CaO 
TiCxNy + Ca → Ti(Ca)CxNy       Stage 3 
 
 Experimental evaluation of the CAIN process parameters demonstrated that changing 
the starting Ca/CaCl2 salt ratio had no effect on the reaction mechanism. Varying the 
CAIN process temperature affected Stage 3 of the reaction mechanism and dictated 
the amount of calcium that diffused into the surface layer. 
 The formation of the surface layer improved the tribological properties by reducing 
the coefficient of friction from 0.89 ± 0.03 for an untreated sample, to as low as 0.59 
± 0.03 (24 hrs CAIN process). The formation of the surface layer changed the wear 
mechanism from adhesive to abrasive due to the low metallurgical compatibility of 
the surface layer and the steel ball surface. 
 Increasing the CAIN process time improved the tribological properties of the surface 
layer after 1 hr, when the coating failed because of the insufficient surface layer 
thickness. For process times greater than 1 hr, the roughness of the surface layer 
increased with the processing time resulting in a gradual decrease in the coefficient of 
friction. 
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Chapter 7 Conclusions 
 
This research continued on from previous studies [8]where calciothermic reduction was 
used to directly reduce titanium dioxide and examined whether the process could be modified 
to suitably control the interstitial oxygen content in titanium alloys. The results from this 
thesis have demonstrated that calciothermic reduction can be effectively used to lower the 
interstitial oxygen concentration in metal injection moulded Ti-6Al-4V rods to acceptable 
concentrations that are within industrial standards (< 2000 wt.ppm). When the process was 
optimised, calciothermic reduction could be used to reduce the interstitial oxygen 
concentration to less than 500 wt.ppm in 24 hrs making the process viable for industrial 
useage. 
 
Assessing the mechanism that enabled the removal of interstitial oxygen concentration in Ti-
6Al-4V was not possible by conventional techniques such as X-ray diffraction and energy 
dispersive spectroscopy. Consequently, a calibration curve technique building upon other 
studies using FIB-SIMS [139,200] was developed to measure and quantify interstitial 
oxygen profiles in titanium alloys. The FIB-SIMS calibration curve method, demonstrated 
interstitial oxygen could be measured to an accuracy of ± 150 wt.ppm in a titanium alloy by 
carefully controlling the parameters that affected the measurement of ions. 
 
FIB-SIMS was an effective technique for quantifying interstitial concentration profiles in the 
titanium alloys and demonstrated that the removal of oxygen via calciothermic reduction was 
a diffusion based mechanism. Calcium from the molten calcium chloride flux, lowered the 
interstitial oxygen concentration at the surface of the titanium alloy which caused an oxygen 
concentration gradient to form throughout the specimen that drove the diffusion of oxygen 
from the titanium alloy. The optimisation of this process was controlled by parameters that 
affected the thermodynamics and kinetics of the reaction, which included the starting salt 
concentration, time, temperature and the sample dimensions. Analysis of these parameters 
indicated that controlling the thermodynamics, via the starting salt concentration, was 
essential for ensuring that the process would remove interstitial oxygen from the titanium 
alloy. But kinetics controlled by the temperature and sample dimensions were a more 
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important factor because calciothermic reduction relied upon a diffusion based mechanism 
for removing interstitial oxygen. 
 
The ability to control the interstitial oxygen concentration using calciothermic reduction was 
exploited to produce a wear resistant surface layer, in a process referred to as Calciothermic 
Assisted Immersion Nitriding (CAIN). By performing the calciothermic reduction on Ti-6Al-
4V in a sealed air environment, the formation of brittle oxides on the surface (TiO2 and 
Al2O3) was prevented, whilst carbon and nitrogen preferentially diffused into the titanium 
alloy forming an interfacial surface layer 
 
The surface layer underwent a three stage reaction mechanism causing the chemical 
composition to change with the process time. Stage 1 occurred immediately at the start of the 
reaction where impurity carbon diffused into the surface layer and reacted with interstitial 
oxygen; once the reactants were molten Stage 2 occurred where calciothermic reduction 
lowered the interstitial oxygen at the surface and enabled the preferential diffusion of 
nitrogen into the surface layer; Stage 3 occurred after more than 2 hrs of processing time 
when calcium from the molten flux began to diffuse into the surface layer, replacing titanium 
atoms. When the processing time was increased to more than 24 hrs the surface layer 
dissolved into Ti-6Al-4V bulk forming a large alpha case layer.  
 
Ti-O interstitial +C →TiCxOz        Stage 1 
2TiCxOz + N2 → 2TiCxNyOz        Stage 2 
TiCxNyOz + Ca →TiCxNy +CaO 
TiCxNy + Ca → Ti(Ca)CxNy        Stage 3 
 
The surface layer improved the tribological properties by changing the wear mechanism from 
adhesive to abrasive. This resulted in a reduction of the coefficient of friction from 0.89 ± 
0.03 to a minimum of 0.59 ± 0.03, which was comparable to commercially produced TiCN 
coatings.  
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7.1 Further Work 
 
The work presented in this thesis has proven that calciothermic reduction can be used to 
lower the interstitial oxygen concentration in metal injection moulded Ti-6Al-4V, but further 
work is required to understand how the diffusion of impurity interstitial elements are 
affecting the process. The reactants in calciothermic reduction are known to introduce carbon 
impurities into the titanium product and this is an effect that has not been measured during 
this study. Further analysis via FIB-SIMS and inert gas fusion is recommended to assess if 
carbon is diffusing into the titanium specimen during the reduction and ascertain if this is 
affecting the diffusion mechanism for removing interstitial oxygen. 
 
The effects of calciothermic reduction were only examined in the α + β alloy Ti-6Al-4V, but 
powder metallurgy is used to produce a variety of alloys that cannot be produced via 
conventional ingot methods. Therefore, it would be interesting to investigate the effectiveness 
of calciothermic reduction in different titanium alloys, particularly in light of a study [201], 
which highlighted the diffusivity of oxygen in Ti-6Al-4V was significantly lower than CP Ti 
and subsequently would have a large effect on the diffusion based mechanism for removing 
oxygen in calciothermic reduction. 
 
Although it was not investigated in this work, it would be interesting to understand the effects 
of calciothermic reduction during the production of near net shape components at an 
industrial scale. To take advantage of the near net shape process, calciothermic reduction will 
need to be performed on complex geometries, however, it is unlikely the process will be 
allowed to reach equilibrium during industrial production because of time constraints. This 
would cause interstitial concentration profiles to remain in the finished products, which could 
result in detrimental mechanical properties. Therefore, it will be important to understand how 
interstitial concentration profiles will form in these scenarios and assess whether it is 
necessary to develop additional procedures to ensure homogenous mechanical properties. 
Furthermore it is important to assess if calciothermic reduction affects the final mechanical 
properties; the removal of oxygen will have a direct effect on the strength of titanium [43] 
however, the process introduces impurities such as carbon and calcium into the alloy and the 
their effect on the final mechanical properties are unknown.  
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The development of the CAIN process to produce a wear resistant surface layer on titanium 
alloys was the most interesting offshoot of the research and there are outstanding questions 
regarding the reaction mechanism. The x-ray diffraction from the surface layer used to 
determine the formation reaction was performed ex-situ, as a result it cannot be determined 
whether the surface layer formed during the process time or during cooling when the 
solubility of interstitial elements in titanium are lower. Further examination of this reaction 
mechanism could develop upon the in-situ SXRD experiment performed by Baghat et al 
[189] to examine how the phase changes during the nitriding process and enable detailed 
analysis of the reaction mechanism during Stages 1 and 2 where there is a large change in the 
chemical composition of the surface layer. 
 
It is envisaged that with further research, the CAIN process could be used to combine two 
processes; the deoxidation of powder metallurgy titanium alloy components to meet 
industrial standards and the formation of a wear resistant surface layer to improve the 
tribological properties. This would lend the process particularly to the production of titanium 
biomedical implants, which are complex geometries and normally require surface treatments 
to improve the tribological properties [199]. Furthermore the CAIN process produces a 
surface layer that has an increased calcium concentration, which could improve the 
biocompatibility of the implant. Therefore, additional work would be required to assess the 
in-vitro biocompatibility and corrosion properties of the surface layer using Hank’s balanced 
salt solution to assess the effectiveness of the surface layer in a biological environment 
[202].  
 
Overall it would appear that calciothermic reduction can be used for a variety of processes 
that require the subtle manipulation of interstitial elements in titanium alloys, as well as the 
direct reduction of titanium dioxide. The continued drive to reduce wastage in manufacturing 
makes the development of calciothermic reduction an important avenue of research, as the 
process is optimised to balance the effects of thermodynamics and kinetics. 
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Appendix A: Calciothermic Reaction Vessel Design 
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Appendix B: Calciothermic Reaction Vessel Lid Design  
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Appendix C: X-Ray Diffraction Lattice Parameter Derivations 
 
Nelson Riley Method: 
 
  
where a is the cubic lattice parameter, d is the plane spacing, k is a constant and 
(
     
    
   
     
 
) is the Nelson-Riley function. The lattice parameters derived from the peak 
positions are then plotted against the Nelson-Riley function. The zero error lattice parameter 
is determined as the intercept of the line of regression for this plot, as shown in Figure C.1 
 
 
Figure C.1 – Extrapolation of the Nelson Riley function to determine the zero error lattice 
parameter 
 
Cohen Method 
The relationship between the Bragg angle and the lattice parameter for a close packed 
hexagonal crystal is: 
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This is rearranged to  
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Where: 
C =
  
   
     B = 
  
   
     A = 
 
  
 
α = (        )  γ = l²    δ = 10 Sin²2θ 
 
Then by summing Equation C.4: 
 
∑        ∑    ∑    ∑   C.5 
∑        ∑    ∑    ∑   C.6 
∑        ∑    ∑    ∑   C.7 
 
The lattice parameters a and c can then be determined by solving Equations C.5 - C.7 
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